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ABSTRACT 
 
Toughening of Epoxies Based on Self-Assembly of Nano-Sized Amphiphilic Block 
Copolymer Micelles. (May 2009) 
Jia Liu, B.S., Fudan University; 
M.Phil., The Hong Kong University of Science and Technology 
Chair of Advisory Committee: Dr. Hung-Jue Sue 
 
As a part of a larger effort towards the fundamental understanding of mechanical 
behaviors of polymers toughened by nanoparticles, this dissertation focuses on the 
structure-property relationship of epoxies modified with nano-sized poly(ethylene-alt-
propylene)-b-poly(ethylene oxide) (PEP-PEO) block copolymer (BCP) micelle particles. 
The amphiphilic BCP toughener was incorporated into a liquid epoxy resin and self-
assembled into well-dispersed 15 nm spherical micelle particles. The nano-sized BCP, at 
5 wt% loading, can significantly improve the fracture toughness of epoxy (ca. 180% 
improvement) without reducing modulus at room temperature and exhibits only a slight 
drop (ca. 5 °C) in glass transition temperature (Tg). The toughening mechanisms were 
found to be BCP micelle nanoparticle cavitation, followed by matrix shear banding, 
which mainly accounted for the observed remarkable toughening effect. The unexpected 
“nano-cavitation” phenomenon cannot be predicted by existing physical models. The 
plausible causes for the observed nano-scale cavitation and other mechanical behaviors 
may include the unique structural characteristics of BCP micelles and the influence from 
the surrounding epoxy network, which is significantly modified by the epoxy-miscible 
PEO block. Other mechanisms, such as crack tip blunting, may also play a role in the 
 iv
toughening. Structure-property relationships of this nano-domain modified polymer are 
discussed. In addition, other important factors, such as strain rate dependence and matrix 
crosslink density effect on toughening, have been investigated. This BCP toughening 
approach and conventional rubber toughening techniques are compared. Insights on the 
decoupling of modulus, toughness, and Tg for designing high performance thermosetting 
materials with desirable physical and mechanical properties are discussed. 
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CHAPTER I 
 
INTRODUCTION 
 
1.1.  Background 
Nanotechnologies present tremendous potential for the polymer industry. Among 
the several possibilities, polymer nanocomposites that contain either inorganic nano-
particles, organic nano-domains, or both, exhibit many promising properties that are 
suitable for various engineering and microelectronic applications.1 However, 
fundamental knowledge regarding the “nano-scale” phenomena is still lacking. 
Significant efforts are still needed. This dissertation focuses on epoxies containing 
amphiphilic block copolymer (BCP) nanoparticles as a model system to understand their 
structure-property relationship. 
 
1.2.  Epoxies Modified with Self-Assembled BCP Micelles 
Epoxies are one of the most versatile classes of polymers with diverse 
applications.2 However, one serious flaw of epoxies is their inherent brittleness which 
can greatly limit their commercial applications. Epoxy toughening has been an 
interesting and challenging topic for over four decades. Significant efforts have been 
undertaken on epoxies toughened with micrometer-sized liquid rubbers,3-8 core-shell  
 
The dissertation follows the style of Macromolecules. 
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rubber (CSR) particles,9-20 and thermoplastic particles.21-31   
In recent years, a new epoxy toughening approach using self-assembled 
amphiphilic BCP has drawn significant attention.32-41 Bates and coworkers32-34, 38, 42-48 
discovered that amphiphilic BCPs that self assemble into micellar structures are effective 
as nano-domain tougheners for epoxy resins. The BCPs usually consist of an epoxy-
miscible block and an epoxy-immiscible block. In epoxy resins BCPs can self-assemble 
into well-defined micro/nano-structures in the form of spherical micelles, worm-like 
micelles, or vesicles, depending on their molecular weight, block length, and 
composition. Adding a small amount (≤ 5 wt%) of such BCPs has been shown to give 
remarkable improvement in fracture toughness. Mechanisms like debonding, cavitation, 
crack deflection were proposed to account for the toughening, but no direct experimental 
evidence was reported.38 Similar work on triblock copolymer toughened epoxies has also 
been reported recently.36, 41 However, the toughening mechanisms responsible for such 
toughening effect are still unknown. 
 
1.3.  Research Objectives and Significance 
The objective of this research is to fundamentally investigate the structure-
property relationships of nano-domain modified polymer systems via the studies of 
toughened epoxies based on amphiphilic nano-sized BCP micelle particles. The goal of 
the research is to gain an understanding of the following: 
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(a) The structural/physical/mechanical characteristics of the materials using 
transmission electron microscopy (TEM), dynamic mechanical analysis 
(DMA), tensile test, and fracture toughness measurement;  
 
(b) The fracture and toughening mechanisms of the materials via double-notch 
four-point bending (DN-4PB) technique; 
 
(c) The effects from other important factors, such as strain rate dependence and 
matrix crosslink density effect, etc.;  
 
(d) Implications of the present findings for designing high performance 
toughened polymers and comparisons with conventional toughening methods. 
 
It is expected that the present work will contribute significantly to the 
fundamental understanding of the structure-property relationship of polymers containing 
nano-domains, including the understanding of nano-structure characteristics, 
interface/interphase, etc. In addition, significant insights will be given to the 
fundamental understanding of polymer toughening, including novel nano-toughening 
technique, toughening mechanism study, matrix effect, strain rate effect, etc. 
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1.4.  Dissertation Layout 
To further introduce the background of this research, two compendious literature 
reviews of self-assembly of amphiphilic BCPs in epoxy and toughening principles for 
polymers are included in Chapter II.  
A new epoxy toughening method based on self-assembly of nano-sized BCP 
micelle particles is laid out in Chapter III. The structural, physical, and mechanical 
characteristics of the materials, and more importantly, their fracture and toughening 
mechanisms, are discussed in this chapter. An explanation of possible reasons 
responsible for remarkable mechanical property improvements and a unique “nano-
cavitation” phenomenon is also given.  
In Chapter IV, the emphasis is placed on the effect of matrix crosslink density on 
toughening. Specifically, the crosslink density of epoxy resins is varied via a controlled 
epoxy thermoset technology to study their mechanical behaviors. It is found that the 
“toughenability” of epoxy resins is strongly dependent on the intrinsic ductility of the 
matrix. 
Another important factor, the strain rate effect on mechanical properties, is 
addressed in Chapter V. It is found that BCP-modified epoxies exhibit a stronger rate 
dependence than the neat epoxy and epoxies toughened by other toughening agents. The 
effects of strain rate on toughening mechanisms are discussed in this chapter based on 
unambiguous experimental findings. Extreme care is suggested for the application of this 
material if high rate performance is of primary concern. 
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Finally, an overall conclusion of this research is made in Chapter VI. 
Additionally, recommendations of possible directions and approaches for future work 
are given based on the current findings. Meanwhile, challenges and concerns are pointed 
out. 
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CHAPTER II 
 
LITERATURE REVIEW 
 
2.1. Polymer Toughening Principles 
Glassy polymers are inherently brittle if not toughened, which can greatly limit 
their engineering applications. Toughening of brittle polymers via incorporation of a 
dispersed elastomeric phase is well known as an effective method to improve fracture 
resistance and impact strength.3-6, 8-10, 12, 13, 17, 19, 49-74 Rubber modification has been 
reported as an effective approach for toughening brittle epoxy thermosets since the 
beginning of the 1970s.53, 75 Since then, significant work has been done to gain a better 
understanding of the structure-property relationship between the polymer matrix and the 
toughening agents for designing epoxy thermoset systems with desired properties.3, 4, 6-10, 
12, 21, 23-25, 31, 76-79 
Depending on various nature of toughening agents and host polymers, and 
different stress conditions materials experience, different toughening mechanism(s) may 
operate in a toughened system, and the toughening effects those mechanisms give may 
vary. Some popular polymer toughening mechanisms and their general toughening 
effects are summarized in Table 2.1.80 
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Table 2.1. Examples of available toughening mechanisms in polymers.80 
Toughening 
Mechanism Toughening Effect Example 
Shear 
banding/ 
yielding 
Up to an order of 
magnitude 
improvement in 
fracture toughness 
 
Croiding 
Up to an order of 
magnitude 
improvement in 
fracture toughness 
 
Crazing 
Up to several folds 
improvement in 
fracture toughness 
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Table 2.1. Continued. 
Toughening 
Mechanism Toughening Effect Example 
Crack 
deflection/ 
multiple 
cracking 
Up to double 
improvement in 
fracture toughness 
Crack 
bridging 
Incremental 
improvement in 
fracture toughness 
 
Crack 
bifurcation 
Fractional 
improvement in 
fracture toughness 
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Table 2.1. Continued. 
Toughening 
Mechanism Toughening Effect Example 
Crack 
pinning 
Fractional 
improvement in 
fracture toughness 
 
Segmental 
crack growth 
Fractional 
improvement in 
fracture toughness 
 
  
  
 
In a toughened polymer system, the roles of the toughening agent (or toughener 
phase) is to provide numerous effective stress concentration sites or alter the stress state 
the matrix experiences, and to promote one or more of those toughening mechanisms 
mentioned in Table 2.1, especially the most effective ones. Meanwhile, the toughener 
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phase has to maintain the basic physical and mechanical characteristics of the matrix. 
The selection of suitable toughening agents requires several considerations: 
(a) The type of the rubbery phase (including cavitational strength, bulk modulus, 
glass transition temperature, etc.);  
(b) The size of rubber particles which has to scale with the crack tip radius and 
the craze band width; 
(c) Interface/interphase (e.g., chemical and physical bonding); 
(d) The dispersion level (e.g., random vs. clustered); 
(e) The phase morphology in matrix (e.g., continuous vs. co-continuous vs. phase 
inversion). 
It is also necessary to note that the nature of the polymer matrix plays at least an 
equally important role in toughening. The considerations of the matrix properties 
include: 
(a) Yield/brittle stress;  
(b) Toughenability (e.g., shear banding vs. crazing, or crazing vs. cracking, etc.); 
(c) Molecular mobility; 
(d) Crosslink density and distribution for thermosets; 
(e) Natural crack tip radius; 
(f) Other properties such as molecular weight & molecular weight distribution, 
crystallinity, morphology, etc.; 
(g) Stress state, rate and temperature dependence. 
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As one of the most effective toughening mechanisms, cavitation of the 
elastomeric phase has long been recognized as critical in promoting shear banding in 
various thermosets and thermoplastics.3-6, 8 Cavitation of rubber particles was first 
observed on the fracture surfaces of rubber-toughened epoxy resins more than 30 years 
ago.52 Since then, many researchers have demonstrated that the major toughening 
mechanisms of many rubber-modified polymers are cavitation of rubber particles, 
followed by shear banding of the matrix. 
In rubber-modified plastics, voiding can occur inside the rubber particles under 
hydrostatic tension. This can be manifested by a macroscopic phenomenon of stress-
whitening. Once the rubber particles cavitate, the hydrostatic tension near the cavitation 
sites is relieved, especially at the crack tip region. The stress state of the matrix near the 
voids is then transformed from a triaxial stress state to a biaxial stress state, which favors 
the initiation of shear bands.3-6, 8 Thus, although cavitation in itself cannot be regarded as 
a significant energy-absorbing process, the real role of cavitation is to relieve the triaxial 
stress, thereby facilitating the matrix shear banding. Quite a number of examples in the 
open literature support the above concept, which include the rubber toughening of 
epoxy,3-6, 8-10, 12, 17, 19, 52-57 nylon,58-61 polycarbonate,62-65 poly(vinyl chloride),66-68 
poly(butylene terephthalate),69 etc.  
Sultan and McGarry53 investigated the rubber particle size effect on the fracture 
toughness of rubber-modified epoxies. Since then, many researchers have studied the 
importance of rubber particle size on toughening for a variety of polymers.6, 13, 70-74 In 
the case of large particles, Pearson and Yee6 found that particles ≥ 20 μm in diameter are 
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ineffective for toughening ductile epoxy matrices. Azimi et al.70 later indicated that lack 
of interaction with the crack tip process zone is the main reason for the ineffectiveness of 
large rubber particles for toughening. On the other hand, for small particle sizes, 
Bucknall and coworkers71-73 have proposed a model based on an energy balance concept, 
showing that the cavitation process in the rubber particles cannot occur with particles 
less than 250 nm in diameter. Experimentally, some researchers have reported that 200 
nm is the lower limit of rubber particle size for effective toughening.13, 74 On the contrary, 
the smallest rubber particle size that has been shown to cavitate is 100 nm based on core-
shell rubber (CSR)-modified epoxy systems.9, 10, 12, 17, 19, 55-57 
For the particular case of epoxy toughening, a summary of possible toughening 
events in rubber-filled epoxies is sketched in a review by Garg et al.78 (shown in Figure 
2.1). Significant efforts have been undertaken on epoxies toughened with micrometer-
sized liquid rubbers,3-8 CSR particles,9-20 and thermoplastic particles.21-31 The addition of 
rubbery toughening agents usually leads to an impressive toughening effect, but tends to 
cause severe deterioration in glass transition temperature (Tg), modulus, strength, and 
other desirable properties, such as processability due to high viscosity. One approach to 
improve the epoxy fracture toughness is via the incorporation of reactive rubber 
particles,3-8 such as carboxyl-terminated butadiene acrylonitrile (CTBN), which can react 
with the surrounding epoxy matrix. This can improve the fracture toughness, but also 
sacrifices the strength and Tg. A second approach is to include non-reactive toughening 
modifiers, such as CSR9-20 or thermoplastic particles.21-31 The problem with using CSR 
particles is usually the difficulty in achieving a uniform dispersion in some epoxy 
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systems,81 because the highly crosslinked cores usually hinder their dissolution in epoxy 
resins. In the case of thermoplastic particles, they typically give a moderate toughening 
effect and cannot produce satisfactory results for low temperatures or high rate test 
conditions.21, 24 Due to this poor efficiency, high concentrations of thermoplastic 
particles are often used, which may have a detrimental effect on the processability 
because of high viscosity. Other than the use of toughening agents, another approach is 
through flexibilization or lowering the crosslink density of the matrix by directly 
reacting some monofunctional or high molecular weight difunctional molecules with 
epoxy monomers. Again, this method can toughen the epoxy but with the trade-off in 
strength and thermal properties. 
Considering the concerns and deficiencies aforementioned in the current epoxy 
toughening technologies, there is a significant need to develop alternative toughening 
approaches to greatly increase the fracture resistance of brittle epoxies without 
compromising other desirable physical and mechanical properties. 
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Figure 2.1. Crack toughening mechanisms in rubber-filled epoxies: (1) shear band 
formation near rubber particles; (2) fracture of rubber particles after cavitation; (3) 
stretching, (4) debonding and (5) tearing of rubber particles; (6) transparticle fracture; 
(7) debonding of hard particles; (8) crack deflection by hard particles; (9) voided/cavi 
tated rubber particles; (10) crazing; (11) plastic zone at craze tip; (12) diffuse shear 
yielding; (13) shear band/craze interaction. (After Garg et al.78). 
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2.2. Self-Assembly of BCP for Epoxy Toughening 
Cutting-edge nano-technologies have been considered to have a tremendous 
impact on polymer industries. Among all ongoing nano-technologies that have potential 
in the future, the following bottom-up approaches have been recently introduced for 
polymer property modifications1:  
(a) incorporation of well-dispersed nano-scale inorganic particles, e.g., exfoliated 
layered silicates;82-85 
(b) self-assemblies of organic molecules forming various nano-structures, e.g., 
BCP micelles.32-34, 38, 42-48 
The incorporation of nano-scale structures is believed to improve one or more 
aspects of the host polymer properties, including but not limited to, modulus, toughness, 
thermal stability, barrier property, etc.86, 87 However, in some cases, the addition of nano-
phase may on one hand improve some properties, yet, on the other hand, simultaneously 
deteriorate others. Fundamentals and mechanisms of the “nano” phenomena are not well 
understood because of the difficulties in available analytical techniques and lack of 
fundamental knowledge at nanometer size scales. 
In the last decade, there have been a number of literature reports of novel 
morphologies of BCPs,88-91 BCP and homopolymer blends,92-96 and BCP in solution.97-
103 It has been a rising question whether those BCP morphologies can be duplicated in 
thermosetting polymers to give desirable properties. Thus, a new epoxy toughening 
approach using self-assembled BCP has drawn significant attention.32-41 
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It is well know that amphiphilic BCP molecules will self-assemble in a selected 
solvent (or homopolymer) with the solvent (or homopolymer)-immiscible block forming 
phase-separated domains in the solution (or blend), as shown in Figure 2.2. Recently, 
Bates and co-workers32, 34, 43, 45 have found that the same morphologies seen in BCP and 
homopolymer blends can be duplicated in cured blends of epoxy and poly(ethylene 
oxide)-poly(ethylene-alt-propylene) (PEO-PEP) BCP. Similarly, epoxidized 
poly(isoprene)-poly(butadiene) (PI-PB)44, 45 and methacrylic BCPs45, 46 have also been 
shown to be effective. The morphological development during the curing process of the 
same epoxy resin containing poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO) 
and PEO-PPO-PEO BCPs has also been studied by Mijovic et al.104 and later by Guo et 
al.105 Kosonen et al. have investigated the self-assembly and dynamic mechanical 
behavior of poly(2-vinylpyridine)-poly(isoprene) (P2VP-PI) BCPs blended with 
phenolic thermosets106, 107 and then PEO-PPO-PEO blended with resol thermosets.108  
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 (a)  
 
(b) 
Figure 2.2. Illustrations of (a) structure of BCP and (b) phase separation of amphiphilic 
BCP in solutions or homopolymer blends. 
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With appropriate design of the molecular architecture, the BCPs can self-
assemble to form ordered or disordered morphologies prior to curing and curing locks in 
the morphology that is already present.42, 43 There may be some phase transitions taking 
place in ordered morphologies during curing, but not in the disordered scenarios. In 
addition, if the BCP and epoxy blend is on the transition point of macroscopic phase 
separation, curing can induce this transition. A proper BCP designed for epoxy 
modification consists of an epoxy-philic block and an epoxy-phobic block. The 
repulsion between the two blocks, measured by χ and the degree of polymerization, N, 
must be large enough so the product of χN is larger than approximately 10 where χ is 
proportional to the square of the difference in solubility parameters between the two 
blocks.109 The BCP will micro-phase separate into an ordered morphology in the neat 
state and into ordered or disordered morphologies in blends depending on 
concentrations.95 An illustration of phase morphologies of ordered BCP in the neat state 
is shown in Figure 2.3. An example of an ordered morphology of epoxy/BCP blend is 
presented in Figure 2.4. Illustrations and examples of disordered morphologies of 
epoxy/BCP blend are also shown in Figures 2.5 and 2.6. 
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 Figure 2.3. Phase morphologies of ordered BCP in the neat state. 
 
 
 
Figure 2.4. TEM image of epoxy/PEO-PEP (52 wt%) blend. The inset provides an 
interpretation of the morphology: cylindrical PEP cores surrounded by PEO shells, 
enclosed by the epoxy matrix. (After Lipic et al.43). 
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Figure 2.5. Disordered morphologies of self-assembled BCP in epoxy: spherical micelles, 
wormlike micelles, and vesicles. 
 
 
 
 
 
(a) 
Figure 2.6. TEM images of epoxy/PBO-PEO (5 wt%) blends with three disordered 
morphologies: (a) vesicles, (b) wormlike micelles, and (c) spherical micelles. (After Wu 
et al.38). 
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(b) 
 
(c) 
Figure 2.6. Continued. 
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Bates et al.89-91, 109-112 have studied the phase behavior of neat BCPs as a function 
of fA, volume fraction of the A block, and the conformational asymmetry. Several 
reports42, 43, 92-103 have investigated BCP blends with a solvent (or homopolymer) 
selective for the A block and the critical parameters including fA, χAB, NAB, ΦBCP 
(volume fraction of BCP in the blend), NC/NA (ration of the solvent or homopolymer 
molecular weight to the A block molecular weight), χAC, and χBC. If the ratio of NC/NA is 
larger than approximately 1, the system is prone to macroscopic phase separation.95 At 
high BCP concentrations, ordered morphologies form (Figure 2.4), while in the dilute 
limit, disordered morphologies, such as spherical micelles, wormlike micelles and 
vesicles, result (Figures 2.5 and 2.6). It is interesting to note that the behavior of BCPs in 
monomeric epoxy resins resembles that of amphiphilic BCPs in water. The same 
fundamental physics, selective solvation of the miscible block by a low molecular 
weight solvent, governs the phase behavior. 
At high BCP concentrations, ordered morphologies in cured epoxy support 
potential applications as solid polymer electrolytes, nanoporous thermosets, and low k 
dielectric materials. Meanwhile, the primary application for low BCP concentrations is 
toughening brittle polymers. 
Lipic et al.32, 42, 43 have studied the phase behavior of symmetric BCP and epoxy 
blends and evaluated the mechanical properties of spherical micelle-modified epoxies. In 
their reports, however, spherical micelles have not been found to be particularly 
effective in toughening epoxy.32 In addition to spherical micelles, wormlike micelles and 
vesicles can also be created in dilute BCP blends.92 Figure 2.5 presents how BCPs are 
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organized in vesicles, wormlike micelles and spherical micelles. Vesicles are closed 
spheres; the vesicle membrane is a bilayer formed by the self-assembly of BCP and the 
interior is entirely composed of the solvent or polymer matrix.113 Vesicles have 
previously been observed in BCP and solvent blends,97, 99-101, 103, 114-117 and BCP and 
homopolymer blends.92, 94 Because the BCP forms only the shell, but the volume of the 
vesicle phase consists of both the shell and the encapsulated matrix, a small amount of 
BCP possibly can produce a disproportionate effect as a modifier. This unique 
morphology also is exploited for drug delivery application, a commonly cited goal of 
vesicle research.113, 115-117 Wormlike micelles are long, thin tubes where the epoxy-philic 
block forms a corona that shields the epoxy-phobic cylinder interior.92, 103 In addition, 
spherical micelles, which are the simplest structure, consist of a sphere core of epoxy-
phobic block and a corona of mixed epoxy and epoxy-philic block. 
Fracture properties of epoxies modified by BCPs with the above disordered 
morphologies have been measured by Wu et al.38 They have found that the addition of 
BCPs to epoxy resins can improve the fracture toughness to different levels. Toughening 
mechanisms like voiding, debonding and crack deflection have been proposed, as 
schematically shown in Figure 2.7. However, no conclusive experimental evidence has 
been reported. Lately, a few researchers have also blended triblock copolymers in epoxy 
resins, as part of their efforts to improve the fracture toughness of epoxy.36, 41, 118 Again, 
fundamental knowledge of the toughening mechanisms accounting for such toughening 
effect is still lacking. 
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(a) 
 
(b) 
Figure 2.7. Schematics of proposed fracture process associated with the epoxies 
modified by (a) spherical micelles, (b) wormlike micelles, and (c) vesicles. (After Wu et 
al.38). 
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(c) 
Figure 2.7. Continued. 
 
 
 
In summary, a key objective of the current research is to investigate the 
toughening effects of self-assembled BCPs in epoxy resins, and unambiguously discover 
the toughening mechanisms involved, with direct and solid experimental evidence. By 
doing that, a fundamental understanding of structure-property relationship of this unique 
family of nano-domain modified thermosets has been gained. 
 26
CHAPTER III 
 
TOUGHENING MECHANISMS IN EPOXIES CONTAINING NANO-SIZED 
BLOCK COPOLYMER MICELLES 
 
An amphiphilic block copolymer (BCP) toughener was incorporated into a liquid 
epoxy resin formulation and self-assembled into well-dispersed nanometer scale 
spherical micelles with a size of about 15 nm. The nano-sized BCP at 5 wt% loading can 
significantly improve the fracture toughness of cured epoxy thermosets without reducing 
modulus at room temperature and with only a 5 °C drop in glass transition temperature. 
The toughening mechanisms were investigated and it was found that the 15 nm size BCP 
micelles could cavitate to induce matrix shear banding, which mainly accounts for the 
observed remarkable toughening effect. Other mechanisms, such as crack tip blunting, 
may also play a role in the toughening. A discussion of the possible reasons responsible 
for the observed mechanical property improvements caused by the BCP modification is 
given. Implications of the present finding for designing toughened polymers are also 
discussed. 
 
3.1. Introduction 
Untoughened epoxies are inherently brittle, which has been a major weakness of 
this material. Thus, epoxy toughening has become an interesting and challenging topic 
for several decades. Incorporation of a dispersed rubbery phase as a toughening agent is 
 27
well-know as an effective approach to improve the fracture resistance of epoxies.3-6, 8-10, 
12, 13, 17, 19, 49-74 One of the major toughening mechanisms in rubber-toughened epoxies is 
found to be rubber cavitation-induced matrix shear banding.3-6, 8 Since then, many 
researchers have studied the effectiveness of rubber cavitation on toughening, including 
the importance of particle size.6, 13, 70-74 
Recently, Bates et al. have found that amphiphilic diblock copolymers with 
disordered morphologies in dilute epoxy blends are effective in toughening brittle epoxy 
resins.32-34, 38, 42-48 Similar effect in triblock copolymers has also been reported by 
others.36, 41 However, a fundamental understanding of corresponding toughening 
mechanisms with conclusive experimental evidence is still lacking. 
In the present study, poly(ethylene-alt-propylene)-b-poly(ethylene oxide) (PEP-
PEO) diblock copolymer which self-assembles as nano-scale spherical micelles with a 
size of about 15 nm in diameter was chosen as a toughening agent for a commercially 
available epoxy resin. Mechanical properties and fracture behavior of the cured PEP-
PEO-modified epoxy matrix were investigated. Unambiguous evidence of nano-
cavitation of the nano-sized spherical micelles is presented. The physical significance of 
the present finding will also be discussed. 
 
3.2. Experimental 
3.2.1. Materials 
 The epoxy monomer used for this study was diglycidyl ether of bisphenol-A 
(DGEBA) based epoxy resin (D.E.R. 332, Dow Chemical). The crosslinker chosen for 
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curing the epoxy was 1,1,1-tris(4-hydroxyphenyl)ethane (THPE, Aldrich). Bisphenol-A 
(BPA) chain extender (PARABIS, Dow Chemical) was utilized to alter the crosslink 
density of the cured network in a controlled manner. Ethyltriphenylphosphonium acetate 
(70% in methanol, Alfa Aesar) was used as the catalyst.  
 The PEP-PEO amphiphilic BCP was synthesized using previously described 
methods by Hillmyer and Bates.119 PEO is an epoxy-miscible block and PEP is an 
epoxy-immiscible block. The number-average molecular weight (Mn) of the BCP is 9100 
g/mole. The weight fraction of ethylene oxide in the BCP was chosen to be 0.40. 
 
3.2.2. Preparation of BCP-Modified Epoxy  
 The BCP and epoxy resin were mixed in a round-bottom flask and heated to 150 
ºC. The sample was allowed to mix until the BCP was completely dissolved into the 
resin. The crosslinker, THPE, was then added and the mixture was heated up to 170 ºC. 
Once the THPE was completely dissolved, the BPA chain extender was added and the 
mixture was heated up to 180 ºC. When the mixture became homogeneous at 180 ºC, the 
round-bottom flask was connected to a vacuum line for degassing. The mixture was 
cooled to 130 ºC and remained under vacuum until no more bubbles were present. An 
amount of 10 μL of catalyst in an overall batch of 40 g was then added and the mixture 
was stirred for 1-2 minutes. The sample was then poured into a mold that had been 
preheated to 130 ºC.  The mold was placed back into the oven and heated up to 200 ºC 
for two hours. Afterwards the cured sample was allowed to cool to room temperature in 
the oven. 
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 The BCP loading in the resulting epoxy plaque was 5 wt% and the molecular 
weight between crosslinks (Mc) of epoxy matrix was designed to be around 1550 g/mole. 
The theoretical value of Mc was estimated by determining the average crosslink 
functionality (fcav) and the average molecular weight per crosslinks (Mpc), assuming a 
balanced stoichiometry:120 
∑
∑
∞
=
∞
=
Φ
Φ
=
3
3
f
f
f
f
cav
f
f                                                                                                                (3.1) 
∑
∑
∞
=
∞
=
Φ
Φ+
=
3
2
f
f
f
f
f
e
pc
f
f
M
M
M                                                                                               (3.2) 
pc
cav
c Mf
M 2=                                                                                                               (3.3) 
where Me is the epoxide equivalent weight of the resin, f is the functionality of the 
crosslinker/chain extender, Mf is the molecular weight of the fth functional 
crosslinker/chain extender, and Φf is the mole fraction of hydrogens provided by the fth 
functional crosslinker/chain extender. The crosslink density of the matrix was also 
experimentally estimated by measuring the equilibrium storage modulus in the rubbery 
state, according to Nielsen’s equation.121, 122  
 All the specimens were dried in a vacuum oven for at least 24 hours at 80 °C 
prior to being characterized as described below. 
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3.2.3. Morphology Characterization 
 Transmission electron microscopy (TEM) was used to characterize the 
morphology of the BCP-toughened epoxy. The material was first microtomed at room 
temperature using an Ultracut® E microtome and a Micro Star® diamond knife. The 
ultrathin sections (ca. 80 nm in thickness) were collected on carbon-coated copper grids.  
The sections on the grids were then vapor-stained with a fresh 0.5 wt% RuO4 aqueous 
solution for ten minutes at ambient temperature. The stained sample sections were 
examined on a JEOL 1200 EX electron microscope operated at an accelerating voltage 
of 100 kV. TEM micrographs were taken using a calibrated Kodak® electron microscope 
film. 
 
3.2.4. Density Measurements 
 The density of neat epoxy and BCP-toughened epoxy samples was measured at 
room temperature by the displacement method in accordance with ASTM D792-91. 
Isopropyl alcohol, with a known density of 0.785 g/cm3, was used for the immersion of 
epoxy samples. The density of epoxies was determined using the equation: 
i
ia
a
WW
W ρρ −=                                                                                                              (3.4) 
where Wa is the weight of sample in air, Wi is the weight of sample in isopropyl alcohol, 
and ρi is the density of isopropyl alcohol. Thermal mechanical analysis (TMA) was 
performed on a Q400 instrument (TA Instruments) to calculate the sample density above 
Tg. 
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3.2.5. Mechanical Property Measurements 
 Dynamic mechanical analysis (DMA) was performed using an RSA III 
instrument (TA Instruments), ranging from -120 to 200 °C at a fixed frequency of 1 Hz 
and a temperature increase at 5 °C per step. A sinusoidal strain-amplitude of 0.05% was 
chosen for the analysis. The dynamic storage modulus (E’) and tan δ curves were plotted 
as a function of temperature. The temperature at the peak in the tan δ curve was recorded 
as the Tg. 
 Room temperature tensile tests were conducted in accordance with ASTM D638-
98, using an MTS® servo-hydraulic test machine at a crosshead speed of 0.2 in/min (5.08 
mm/min). Strain was measured by a calibrated MTS® extensometer (Model 632.11B-20). 
Young’s modulus and yield stress of each sample were obtained based on at least five 
specimens per sample. Average values and standard deviations were reported. 
 Fracture toughness measurements were performed based on the linear elastic 
fracture mechanics (LEFM) approach. A single-edge-notch 3-point-bending (SEN-3PB) 
test was used to obtain the Mode-I critical stress intensity (KIC) of the neat epoxy and 
BCP-toughened epoxy in accordance with the ASTM D5045 method. The test was 
performed on an MTS InsightTM machine at a testing speed of 0.02 in/min (0.508 
mm/min). Care was taken to ensure that the initial crack, generated by tapping with a 
fresh razor blade chilled with liquid nitrogen, exhibited a thumbnail shape crack front 
prior to testing. At least five specimens were used to determine KIC of the samples. The 
critical stress intensity factor was calculated using the following equation: 
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)/(2/3 WafBW
SPK CIC =                                                                                                  (3.5) 
where PC is the load at crack initiation, S is the span width, B is the thickness of the 
specimen, f(a/W) is the hinge factor, W is the width of the specimen, and a is the initial 
crack length. 
 
3.2.6. Investigation of Fracture Mechanisms 
 Knowledge on the sequence of fracture events is crucial in the fundamental 
understanding of fracture behavior of polymers. To do so, the double-notch four-point-
bending (DN-4PB) test7, 119, 123, 124 was employed to probe the detailed fracture 
mechanisms of the BCP-toughened epoxy.  
Two nearly identical cracks were cut into the same edge of a rectangular 
specimen beam with dimensions of 75 mm × 12.7 mm × 3.5 mm. DN-4PB tests were 
conducted at room temperature on an MTS InsightTM machine at a testing speed of 0.02 
in/min (0.508 mm/min). The specimen was loaded in a 4-point bending geometry with 
the cracks positioned on the tensile side (Figure 3.1a). The arrested subcritical crack tip 
damage zone from the core region of the specimen was isolated, trimmed, thin-sectioned 
and stained for optical microscopy (OM) and TEM observations (Figure 3.1b). 
For OM investigations, thin sections of the mid-section with thickness of about 
40 µm of the DN-4PB crack tip damage zone were obtained by sectioning and polishing, 
following the procedures described by Holik et al.125 These thin sections were then 
examined using an Olympus BX60 optical microscope at both bright field and cross-
polarized field modes. 
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(a) 
Figure 3.1. Schematics of (a) a DN-4PB specimen and (b) microscopy study on a DN-
4PB specimen. The arrested subcritical crack tip damage zone from the core region was 
examined by OM and TEM. 
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(b) 
Figure 3.1. Continued. 
 
 
 
 To prepare TEM specimens, a block with the crack tip damage zone was diced 
off from the specimen and embedded in epoxy resin. After curing, the block was 
trimmed to about 0.3 mm × 0.3 mm, having a trapezoid shape at the tip. Then, the 
trimmed block was faced off by a diamond knife at room temperature, followed by 
microtoming and staining as aforementioned. 
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3.3. Results 
3.3.1. Morphology of BCP-Toughened Epoxy 
 To the naked eye, the BCP-toughened epoxy appears transparent without 
aggregations, similar to neat epoxy. The TEM micrographs of the RuO4-stained sample 
are shown in Figures 3.2a and 3.2b. The BCP phase was stained by the heavy metal and 
appears dark in the images while the light surroundings are epoxy matrix. The TEM 
micrographs show that the BCP has been self-assembled into well-defined spherical 
micelles and is homogeneously dispersed in the epoxy matrix. No aggregation or macro-
phase separation was found and the diameter of the PEP-rich core is around 15 nm, 
which is found consistent with the relationship between the molecular weight and the 
size of BCPs.32 An illustrative cartoon of the nano-structured morphology is presented in 
Figure 3.2c.  
 
3.3.2. Dynamic Mechanical Behavior 
 The DMA plots are presented in Figure 3.3 and the storage modulus and Tg 
values are summarized in Table 3.1. A slight Tg drop of about 5 °C is observed for the 
BCP-toughened epoxy sample. Relative to the neat epoxy, adding BCP phase shows a 
slight increase in storage modulus below room temperature, and a drop at the rubbery 
plateau region. Interestingly, the BCP-toughened epoxy exhibits a broader Tg peak and 
higher tan δ values at temperatures between 0°C and the α-relaxation peak (Tg). This 
suggests the participation of the BCP in epoxy network formation and increased 
damping characteristics of the BCP-toughened epoxy. This finding signifies that the 
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addition of the BCP enhances the energy dissipation capacity of the epoxy matrix above 
0 °C. This finding also implies that the mechanical properties of BCP-toughened epoxy 
can become quite rate-sensitive. The rate sensitivity issue of BCP-toughened epoxy will 
be addressed in Chapter V. 
 
 
Table 3.1. Storage modulus, Tg and fracture toughness values of neat epoxy and BCP-
toughened epoxy. 
 
 Neat epoxy BCP-toughened epoxy 
Tg (°C) 115 110 
at low temp. (-100°C) 3.86×109 4.04×109 
at room temp. (25°C) 2.25×109 2.36×109 Storage Modulus (Pa) 
at rubbery plateau 1.41×107 1.01×107 
Fracture Toughness, KIC (MPa-m1/2) 0.96±0.04 2.73±0.08 
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(a) 
 
(b) 
Figure 3.2. Nano-structured morphology of BCP-toughened epoxy: TEM micrographs at 
(a) low magnification and (b) high magnification, and a schematic illustration (c). The 
amphiphilic BCP consists of an epoxy-miscible PEO block and an epoxy-immiscible 
PEP block and forms as spherical micelles with an average diameter of 15 nm. The BCP 
phase was stained by RuO4 prior to the TEM observation and shows a darker color in the 
micrographs. 
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(c) 
Figure 3.2. Continued. 
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Figure 3.3. DMA plots of neat epoxy and BCP-toughened epoxy. Storage modulus (E’) 
and tan δ curves are presented. The temperature maximum peak in the tan δ curve is 
recorded as glass transition temperature (Tg). The storage modulus and Tg values are 
summarized in Table 3.1. 
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 Additionally, the shear equilibrium storage modulus in the rubbery state (Gr) was 
used to determine the crosslink density of the epoxy. According to Nielsen’s semi-
empirical equation121, 122, the molecular weight between crosslinks (Mc) can be estimated 
by the following equation: 
c
r M
G ρ2930.6log10 +=                                                                                                   (3.6) 
where ρ is the density of the polymer in g/cm3, Gr in Pa, and Mc in g/mole. Since the 
density of the neat epoxy plaque at room temperature was measured by the displacement 
method as 1.20 g/cm3, the density in the rubbery state was calculated to be 1.11 g/cm3 
(ρ), based on the coefficient of thermal expansion (CTE) information obtained from 
TMA. The Gr value is assumed to be related to the flexural equilibrium storage modulus, 
Er, in the following manner: 
Er = 2Gr(1+v)                                                                                                                (3.7) 
with v being the Poisson’s ratio and assumed to be 0.5 which is typical for a rubbery 
material. Er obtained from the DMA measurements is 1.41×107 Pa, which gives an 
estimated Mc of about 480 g/mole. It is noted that there is a significant discrepancy 
between the experimentally measured Mc via Nielsen’s equation and the expected 
theoretical value. 
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3.3.3. Tensile Behavior 
 The engineering stress-strain curves of neat epoxy and BCP-toughened epoxy are 
plotted in Figure 3.4. The Young’s moduli and yield stresses are summarized in Table 
3.2. It is clearly shown that addition of BCP toughener has no reduction in Young’s 
modulus at room temperature, which is consistent with the results obtained from DMA. 
Meanwhile, the presence of BCP has resulted in pronounced shear yielding of the epoxy 
matrix, with a lower yield stress. The increase in ductility and a drop of yield stress may 
facilitate the formation of crack tip blunting, which will be discussed below. 
 
Table 3.2. Young’s modulus and yield stress values of neat epoxy and BCP-toughened 
epoxy. 
 
 Neat epoxy BCP-toughened epoxy 
Young’s Modulus (GPa) 2.59±0.06 2.58±0.05 
Yield Stress (MPa) 77.7±1.1 65.8±0.4 
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Figure 3.4. Engineering stress-strain curves of neat epoxy and BCP-toughened epoxy. 
The Young’s modulus and yield stress values are summarized in Table 3.2.  
 
 
 
3.3.4.  Fracture Toughness Measurements 
 The KIC values of neat epoxy and BCP-toughened epoxy are summarized in 
Table 3.1. A significant improvement in KIC (by 180%) over neat epoxy is observed. To 
show evidence of stress whitening, the fracture surfaces of the samples were recorded 
via a digital camera and are shown in Figure 3.5. In contrast to the neat epoxy, the BCP-
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toughened epoxy clearly shows a stress-whitening zone in front of the initial crack line. 
This stress-whitening phenomenon indicates the existence of some form of cavitation in 
the crack tip region. Cavitation can be due to debonding or internal cavitation of the 
BCP micelles, or both. Although unlikely, the cavitation can also be due to the presence 
of microcracking or crazing. To unambiguously determine the source(s) for the observed 
stress-whitening zone, OM and TEM observations were conducted, and are described 
below.  
 
 
 
(a) (b) 
Figure 3.5. Fracture surfaces of (a) neat epoxy and (b) BCP-toughened epoxy after SEN-
3PB tests. A stress-whitening zone was clearly observed in front of the initial crack, as 
seen in (b). The red dashed lines represent the initial crack marks.  
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3.3.5. Toughening Mechanisms Studies 
 The toughening mechanisms of the BCP-toughened epoxy were investigated via 
the observation of the survived crack tip damage zone of the DN-4PB specimens using 
OM and TEM.  
 
 
 
  
(a) 
Figure 3.6. OM images of the BCP-toughened epoxy DN-4PB specimen with the 
subcritical crack tip damage zone at (a) bright field and (b) cross-polarized light field. 
The crack propagates from left to right. The images were taken at the same location. 
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(b) 
Figure 3.6. Continued. 
  
 
 
 Microcrack-like damage in BCP-toughened epoxy can be observed by OM under 
bright field in the crack tip region (Figure 3.6a). This microcrack-like damage feature 
can be formed due to the presence of dilatation bands,9-11, 17, 126 microcracks, or crazes. 
Meanwhile, a small birefringent zone is observed under the cross-polarized light (Figure 
3.6b), indicating a shear banding process. Considering the significant improvement in 
fracture toughness, the size of the shear banding zone seems too small to account for this 
improvement. Thus, we surmise that other toughening mechanisms, such as crack tip 
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blunting,127 may also play a role in the toughening process. This fact can be corroborated 
by the lower yield stress of the BCP-toughened epoxy (see Figure 3.4 and Table 3.2). A 
reduction of yield stress implies that it is easier to undergo plastic deformation ahead of 
the crack tip. A larger scale plastic deformation will lead to crack tip blunting, thereby 
increasing the fracture toughness of the polymer. An estimate of fracture toughness 
improvement due to crack tip blunting is calculated following the work of Kinloch and 
Williams.127 This results in an increase of 20% in fracture toughness, which is only a 
small portion of the total fracture toughness increase (180%). The majority of the 
toughening effect therefore appears to be coming from the rubber particle cavitation 
induced shear banding of the matrix. 
 It should be noted that OM does not have sufficient resolution to show a BCP 
cavitation zone as in other rubber-toughened epoxy systems where the rubber particle 
sizes are greater than 100 nm. TEM observation is needed to conclusively identify this 
toughening mechanism. 
 The damage zone of the DN-4PB specimen was examined using TEM. In the 
region adjacent to the crack wake (Figure 3.7a), cavitation is clearly shown inside the 
elongated and orientated BCP micelles. In the region slightly above (Figure 3.7b), the 
elongation and orientation of the micelles are greatly reduced, but the cavitation of the 
BCP micelles is still observed. In contrast, in the region outside the damage zone (Figure 
3.7c), neither shape change nor cavitation of the BCP micelles is observed. This has 
morphology similar to the uncracked specimen shown in Figure 3.2. TEM micrographs 
in Figures 7a and 7b clearly show that cavitation of the BCP micelles are present around 
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the crack tip and crack wake. Detailed observation suggests that the cavitation takes 
place inside the BCP phase, not at the micelle-epoxy interface. This cavitation 
phenomenon is consistent with the stress-whitening feature shown in Figure 3.5b. Since 
the BCP micelles show significant shape changes, this suggests that the epoxy around 
the BCP micelles have undergone equally significant amount of shear deformation. As a 
result, a cavitation-induced matrix shear banding process is believed to be at least 
partially accounted for the effective toughening of BCP-toughened epoxy. It is important 
to mention that the nano-cavitation phenomenon observed in the 15 nm BCP particles is 
the smallest rubber particle size experimentally shown to cavitate and to promote shear 
banding of a polymer matrix. The sequence of events in the cavitation-induced shear 
banding mechanism is schematically illustrated in Figure 3.8. It is also worth mentioning 
that, unlike other studies,9-11, 17, 126 dilatation bands around the crack tip region found in 
OM were not observed by TEM even after exhaustive attempts. This may be due to the 
scarce or fragmented formation of dilatation bands in the crack tip region.  
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(a) 
Figure 3.7. TEM micrographs of the BCP-toughened epoxy DN-4PB specimen at 
different locations: (a) adjacent to the crack wake, (b) some distance (in a range of 0.8-
1.6 μm) from the crack wake, and (c) further away (more than 1.6 μm) from the crack 
wake. Insets demonstrate the spots where TEM micrographs were taken for each case. 
The BCP phase was stained by RuO4 prior to the TEM observation. 
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(b) 
Figure 3.7. Continued. 
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(c) 
Figure 3.7. Continued. 
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Figure 3.8. An illustration of the sequence of cavitation-induced shear banding process 
as one of the toughening mechanisms in BCP-toughened epoxy. (a) initiation of a 
starting crack; (b) formation of a BCP cavitation zone at the crack tip when the specimen 
is loaded; (c) expansion of the cavitation zone and initiation of a matrix shear banding 
zone at the crack tip when the hydrostatic stress is relieved by the cavitation; (d) crack 
propagates when the shear strain energy builds up to a critical value, with a damage zone 
surrounding the crack. The sizes of the crack, cavitation and shear banding zone are not 
drawn to scale. 
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3.4. Discussion 
3.4.1. Criterion for Rubber Particle Cavitation 
 In 1993, Lazzeri and Bucknall71 established a cavitation model for rubber 
toughening based on energy balance calculations. The assumptions for their models are 
summarized as follows: 
 (I) The largest defects within a typical rubber particle under triaxial tension are 
nanovoids with dimensions of the order of a few nanometers. 
 (II) These nanovoids will expand only if the resulting release of stored 
volumetric strain energy is sufficient both to increase the surface area of the void and to 
stretch the surrounding layers of rubber. 
 Assuming that the void is a sphere of radius r located at the center of a spherical 
rubber particle of radius R, which is well bonded to the polymer matrix, the strain energy 
of the rubber particle immediately before the initiation of cavitation is given by: 
2
0
3*3
0 3
2
3
4
VKRWRU Δ== ππ                                                                                         (3.8) 
where W* is the stored energy density of rubber, K is bulk modulus of rubber, ΔV0 is 
volume strain within the rubber phase immediately before cavitation. 
 The volume fraction of the cavity is 3
3
R
r  and thus the resulting volume strain 
within the cavitated rubber particle is ( 3
3
0 R
r
V −Δ ). 
 The process of cavitation introduces two additional contributions to the total 
energy of the rubber particle: (i) a surface energy 4πr2Г, where Г is the surface tension of 
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rubber phase, and (ii) a shear strain energy of ∫ dVWS*  required to stretch the 
surrounding rubber to allow the cavity to expand. Therefore, the total energy of a rubber 
particle after cavitation is given by: 
∫+Γ+−Δ= dVWrRrKRU SV *223
3
0
3 4)(
3
2 ππ                                                                (3.9) 
 After a series of mathematical derivation and transformation, the final expression 
of the energy of a cavitated particle is then: 
]
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λρπ +Γ+−Δ=                                                (3.10) 
where G is shear modulus of rubber, ρ is density ratio of rubber before and after 
cavitation, and λf is the extension ratio of the rubber at failure in equibiaxial tension.71  
 As mentioned before, the criterion for rubber particle cavitation is that the energy 
released during cavitation has to be greater than the total energy required to form a 
cavity. Lazzeri and Bucknall plotted Equation (3.10) in terms of the reduced variables 
0U
U and 
R
r , where U0 is the energy of a rubber particle immediately before cavitation 
(Equation 3.8), by keeping ΔV0 constant at 0.004 and varying R from 0.1 to 100 μm 
(Figure 3.9a). The calculation for the plots is based on a rubber with shear modulus G = 
0.4 MPa, bulk modulus K = 2 GPa, surface tension Г = 0.03 Nm-1, ρ = 1.0 and F(λf) = 
1.0. Based on the plots, the authors found that only rubber particles with radii larger than 
125 nm are able to cavitate under these conditions. 
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(a) 
Figure 3.9. Calculated potential energy of a cavitated rubber particle as a function of the 
reduced radius of cavity, r/R, based on Lazzeri and Bucknall’s energy balance model, at 
rubber particle volume strains of ΔV0 = (a) 0.004, (b) 0.03, and (c) 0.2, respectively. The 
curves were generated using Equation 10 with various particle radii R (in μm) and G = 
0.4 MPa, K = 2000 MPa, Г = 0.03 Nm-1, ρ = 1.0 and F(λf) = 1.0. 
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Figure 3.9. Continued. 
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Figure 3.9. Continued. 
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 Modifications of this energy balance model and a few other models have been 
proposed, yet without much difference in the prediction of particle size effect.72, 73, 128, 129 
Furthermore, a recent finite element analysis effort also confirms the ineffectiveness of 
small toughening particles for initiating shear banding formation.130 Some experimental 
studies have supported the lower size limit of rubber particle cavitation to be about 0.2 
µm, as proposed by various models.13, 74 However, cavitation of rubber particles having 
100 nm in size has been repeatedly observed in the toughening of various kinds of 
thermosetting matrices.9, 10, 12, 17, 19, 55-57 In this study, clear evidence of nano-cavitation of 
BCP micelle particles in epoxy is shown, and the size of the particles is definitely much 
smaller than the sizes predicted by the energy balance model under the prescribed 
conditions.  
 
3.4.2. Nano-Cavitation Phenomenon in BCP-Toughened Epoxy 
 It is important to note that, for a given volume strain the rubber particles 
experience, there exists a minimal rubber particle size for cavitation. Such a correlation 
was illustrated by Bucknall.131 The U/U0 ~ r/R plots with a larger volume strain of ΔV0 = 
0.03 are illustrated in Figure 3.9b. Under this condition, the lower limit of particle 
diameter for cavitation is downshifted to 15 nm. This suggests that, based on the above 
theory, a volume strain of at least 0.03 is experienced by the BCP for cavitation to occur. 
Experimental observation of the residual volume strain around the cavitated BCP based 
on the size change of the particles shown in Figure 3.7 is found to be greater than 0.03. 
Thus, it is possible that the high volume strain the epoxy matrix and BCP experience 
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induces the 15 nm BCP particles to cavitate. If plotting the U/U0 ~ r/R curves with a 
even larger volume strain of ΔV0 = 0.2, the lower size limit of rubber particles for 
cavitation will be further downshifted to 1.2 nm, as shown in Figure 3.9c. However, the 
question as to why experimental observations made by others did not show optimal 
toughening effect for sizes below 0.2 µm13, 74, 130 remain unanswered. 
 Another consideration in explaining nano-cavitation is the pre-existence of 
transient voids in BCP. The model proposed by Lazzeri and Bucknall assumes pre-
existence of nanovoids with dimensions on the order of a few nanometers in rubber 
particles and the cavitation is a process of nanovoid expansion. However, their criteria 
were based on the energy conservation between the initial state (non-cavitated rubber 
particles) and the final state (cavitated rubber particles) without consideration of the true 
onset of the cavitation event. This is because of the difficulty associated with calculation 
of the energy or stress states at such a small scale, either from a molecular point of view 
or from a mechanics point of view. The consideration at such a small scale does not need 
to be included when applying Lazzeri and Bucknall’s model in large rubber particle size 
cases (≥ 100 nm). In smaller rubber particle cases, however, the model may need 
refinement.  
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(a) 
 
(b) 
Figure 3.10. Schematic illustration of the cavitation processes based on (a) Lazzeri and 
Bucknall’s model71 and (b) the present work. Lazzeri and Bucknall neglected the energy 
contribution from the pre-existence of transient nanovoids within rubber particles, while 
that part has to be considered when dealing with nanometer-sized particles. 
 
 
 
 The pre-existing cavities are believed to be the transient nanovoids in the rubber 
phase, in the form of free volume, with the size ranging from a few Å to a few 
nanometers.132-135 The size of the pre-existing voids is similar to the size of the BCP 
(around 15 nm) utilized in the present study. Therefore, to construct an energy balance 
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criterion for the system with such small rubber domains, the contribution from the pre-
existence of nanovoids has to be taken into account for the energy calculation. In other 
words, the difference between the case Lazzeri and Bucknall71 based their model on and 
the cavitation phenomenon observed in this study may lie in the consideration of the 
cavitation initiation from the pre-existing ‘holes’. An illustrative comparison of the two 
different scenarios is shown in Figure 3.10.  
 Another important factor that should be considered is the distinction between the 
void expansion process in an ideal rubber particle and in a BCP micelle particle. An 
ideal rubber can be regarded as randomly coiled long flexible molecules with physical 
entanglements and/or chemical crosslinks (if vulcanized).136, 137 The stretching of a 
rubber particle involves either the stretching of polymer network or disentanglement of 
molecules, or both. In the case of an ideal rubber, only the stretching of the polymer 
network is present and can be considered as elastic deformation, which stores potential 
energy in the system. In order to make cavitation of an ideal rubber a thermodynamically 
favorable process, breakage of covalent bonds will eventually occur, which requires a 
large amount of energy. On the other hand, in the case of self-assembled BCP, the 
molecules are generally well organized into micelle structure (see the schematic 
structure in Figure 3.2c). Thus, the expansion of micelle particles is simply a separation 
of adjacent molecules, which only involves destruction of secondary bonds like van der 
Waals forces or hydrogen bonds. Besides, the more the expansion of the micelle 
particles, the weaker the attraction between the molecules becomes, making cavitation 
more favorable. Comparing the above two scenarios, it is easy to understand that the 
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strain energy required for cavitation in a BCP micelle particle should be much less than 
that for an ideal rubber particle case. For clarity, the difference between the two 
expansion scenarios is sketched in Figure 3.11. 
 
 
 
(a) 
 
(b) 
Figure 3.11. Schematic illustration of the two different expansion processes in (a) an 
ideal rubber particle and (b) a BCP micelle particle. The size expansion of the voids and 
the particles are not drawn to scale. 
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 The actual cavitation process in such a small scale is likely to be far more 
complicated. In-depth efforts are still needed for physical understanding of the nano-
cavitation phenomenon. The matrix is also believed to play an important role in the 
cavitation process and its resulting toughening effect. This fact is indicated by the 
significant differences in their DMA tan δ curves (Figure 3.3) and a strong strain rate 
dependency of fracture toughness of this BCP-toughened epoxy system. This issue will 
be discussed in Chapter V. 
 
3.4.3. Other Toughening Mechanisms 
 Although it is evident that BCP cavitation and epoxy matrix shear banding are 
the two important mechanisms responsible for the observed toughening effect, crack tip 
blunting and the formation of dilatation bands around the crack tip region may also 
contribute to the toughening. It appears that rubber cavitation and shear banding of the 
matrix are the main causes for the observed significant improvement in fracture 
toughness. The contribution from crack tip blunting and the scarce dilatation bands 
found in OM will contribute to the toughening but to a lesser degree. 
 
3.4.4. Implication of the Present Findings 
 The present and previous findings18 suggest that it is feasible to simultaneously 
increase fracture toughness while maintaining the Young’s modulus and Tg of epoxies. 
Generally speaking, Tg appears to be affected by larger scale main-chain motions, such 
as molecular motions involving the scales of distance between crosslinks and multi-
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monomer length scale.17, 138, 139 Ductility and toughenability involves smaller scale 
cooperative molecular motions, which can still be several monomer units long.138, 139 The 
increase in intra-chain cooperative motions will favor the formation of dynamic “free 
volumes”, which facilitate the material to relax the imposed stresses. In the case of 
modulus, it seems to be influenced more by backbone rigidity, chain rotation, and 
localized small-scale molecular motions. Some researchers have also correlated the 
macroscopic mechanical properties to the inter-chain packing.140 The size scale that will 
influence the above properties strongly depends on the type of polymer matrices 
involved. Also, the sub-Tg or higher-order transitions are considered to be related to 
mechanical properties and fracture behaviors.139, 141  
It should be noted that the holes present due to density fluctuation inside a 
polymer matrix are in a range of 2.5-5.0 Å in size, as measured by small angle X-ray 
scattering142, 143 and positron annihilation lifetime spectroscopy.143, 144 Meanwhile, the 
typical radius of gyration of a polymer chain is around 30 nm. In the case of networked 
epoxy systems, the increase in the rigidity of epoxy monomers will normally result in 
larger holes because rigid polymer chains are more difficult to achieve a dense packing 
than the flexible ones. Variations in crosslink density, however, have not been found to 
lead to a systematic change in the hole sizes, although they should influence the chain 
packing.144 
The above literature findings strongly suggest that the molecular size scales that 
will influence the modulus, ductility, and Tg properties range from a few Å to tens of 
nanometers. The domain size of the PEP-rich phase for the present study is about 15 nm. 
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Assuming that the BCP forms a morphology with a PEP core and PEO tails extending 
freely into epoxy matrix, the PEO-epoxy intermixing phase that resides at the interphase 
between neat epoxy and PEP-rich phase is at least 7-8 nm. The corresponding effective 
volume fraction of BCP, including PEP core and PEO-epoxy interphase, is estimated to 
be at least 0.30.32 If the average surface-to-surface interparticle distance (i.e. matrix 
ligament thickness) is around 30 nm based on TEM image analysis, the PEO-epoxy 
interphase where epoxy and PEO intermix is expected to have a great influence on the 
matrix physical and mechanical properties.  
According to the DMA finding shown in Figure 3.3, the PEO-epoxy interphase 
has greatly altered the dynamic mechanical characteristics of the epoxy matrix. The 
presence of the PEO-epoxy molecular intermixing layer appears to be able to shield 
epoxy from lowering its modulus due to the presence of PEP-rich rubber phase at room 
temperature. However, as the temperature rises above 50 °C, the modulus of the BCP-
toughened epoxy will drop significantly below that of the neat epoxy matrix. The tan δ 
values increase sharply as temperature rises above room temperature, which implies that 
the rate sensitivity on the mechanical properties of BCP-toughened epoxy is likely to be 
high. The above evidence strongly suggests that the epoxy network and its molecular 
motions are greatly altered by the presence of PEO-rich phase in epoxy. Consequently, 
the modulus, Tg, ductility, and fracture toughness of epoxy are all altered, irrespective of 
the presence of the PEP-rich phase. It should be noted that it is unclear if continuum 
mechanics still applies for the BCP-toughened epoxy system at the 15 nm length scale. If 
not, totally different interpretation on the present findings may be warranted. 
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Although this research focuses on polymer toughening at nano-scale, many other 
factors, such as crosslink density, monomer rigidity, concentration of toughener phase, 
size, and geometry of toughening agent, still need to be addressed before one can 
definitely understand the structure-property relationships in nano-sized rubber-
toughened polymers. 
 
3.5. Summary 
 A PEP-PEO diblock copolymer at 5 wt% loading was utilized to toughen 
bisphenol-A type of epoxy. The BCP self-assembled into ca. 15 nm spherical micelles 
that were well dispersed in the matrix. Mechanical characterization indicates that the 
PEP-PEO diblock copolymer can greatly improve the fracture toughness of epoxy 
without compromising its modulus. The DN-4PB test and TEM observation suggest that 
the major toughening mechanisms in BCP-toughened epoxy include copolymer micelle 
cavitation followed by matrix shear banding. The fundamental cause(s) for such a small-
scale cavitation process is yet to be determined. The likely contributing factors for the 
observed nano-scale cavitation phenomenon may include the unique BCP micelle 
structural characteristics and a possible influence of the surrounding epoxy network, 
which is significantly modified by the PEO block. 
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CHAPTER IV 
 
CROSSLINK DENSITY EFFECT ON FRACTURE BEHAVIOR OF EPOXIES 
CONTAINING NANO-SIZED BLOCK COPOLYMER MICELLES 
 
 Model diglycidyl ether of bisphenol-A (DGEBA) based epoxy resins containing 
well-dispersed 15 nm block copolymer (BCP) nanoparticles were prepared to study the 
effect of matrix crosslink density on their fracture behavior. The crosslink density of the 
model epoxies was varied via the controlled epoxy thermoset technology and estimated 
experimentally. As expected, it was found that the fracture toughness of the BCP-
toughened epoxy is strongly influenced by the crosslink density of the epoxy matrix, 
with higher toughenability for lower crosslink density epoxies. Key operative 
toughening mechanisms of the above model BCP-toughened epoxies were found to be 
nanoparticle cavitation-induced matrix shear banding for the low crosslink density 
epoxies. The toughening effect from BCP nanoparticles was also compared with core-
shell rubber (CSR)-toughened epoxies having different levels of crosslink density. The 
usefulness of the present findings for designing toughened thermosetting materials with 
desirable properties is discussed. 
 
4.1. Introduction 
Rubber modification has been reported as an effective approach for toughening 
brittle epoxy thermosets since the beginning of the 1970s.53, 75 Since then, significant 
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work has been done to gain a better understanding of the structure-property relationship 
between the polymer matrix and the toughening agents for designing epoxy thermoset 
systems with desired properties.3, 4, 6-10, 12, 21, 23-25, 31, 76-79 Self-assembled amphiphilic BCP 
are a new type of toughening agent that has been shown to greatly improve toughness 
without sacrificing other mechanical properties. In Chapter III, we identified the 
toughening mechanisms of a BCP-modfied controlled epoxy thermoset (CET) system at 
a specific crosslink density. The major toughening mechanisms are BCP particle 
cavitation and subsequent matrix shear banding, which are analogous to those found in 
other rubber-toughened systems. But the BCP appears to be more effective than other 
conventional rubber particles, probably due to its much smaller sizes and unique 
morphology. In this chapter, we report the fracture behavior of BCP-toughened epoxy 
with variation in crosslink densities. 
 Although rubber modification has been recognized as an effective toughening 
approach, not all epoxy resins can be toughened to significant extents. Toughenability 
has been found to be related to thermoset crosslink density,5, 17, 145-151 It is known that the 
crosslink density of a cured thermoset generally dictates its intrinsic ductility, simply 
because ductile deformation requires large-scale cooperative conformational 
arrangements of polymer backbones. Because matrix shear banding has been identified 
as the major energy dissipation process in rubber toughened epoxies,3, 4, 6, 8 it is not 
difficult to understand that modifying the matrix ductility can change its toughenability. 
The function of rubber particle cavitation is to relieve the triaxial stress at the crack tip 
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and consequently to facilitate matrix shear banding. Thus, the thermoset matrix ductility 
plays an important role in enhancing fracture toughness of rubber-modified thermosets. 
 The present study is part of a larger effort to understand the fundamentals of 
structure-property relationships in a model epoxy system containing poly(ethylene-alt-
propylene)-b-poly(ethylene oxide) (PEP-PEO) BCP nanoparticles. The toughening 
mechanisms of this modified epoxy system have been discussed in Chapter III. In this 
chapter, attention will be placed on determining whether or not the BCP-modified epoxy 
thermosets with variation in crosslink densities will exhibit a similar toughening effect 
on fracture behavior as what has been observed in other rubber toughened systems. The 
implication of the present findings for designing high performance thermosetting resins 
is discussed in detail. 
 
4.2. Experimental 
4.2.1. Materials 
 The epoxy chemistry used for this study consisted of three components: 
DGEBA-based epoxy monomer (D.E.R. 332, Dow Chemical), bisphenol-A (BPA) chain 
extender (PARABIS, Dow Chemical), and 1,1,1-tris(4-hydroxyphenyl)ethane 
crosslinker (THPE, Aldrich). The chemical structures of these reactants are given in 
Table 4.1.  
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Table 4.1. Chemical structures of epoxy resin, chain extender, crosslinker and block 
copolymer used in this investigation. 
 
Product Chemical Structure 
DGEBA epoxy resin 
 
BPA chain extender 
 
THPE crosslinker 
 
PEP-PEO block copolymer 
 
R = s-butyl or t-butyl 
R’ = H or CH3 
 
 
 
 A scheme of the chain extension and crosslinking reactions is illustrated in 
Figure 4.1. The ratio of epoxy monomer and chain extender was altered to vary the 
crosslink density. The theoretical value of the molecular weight between crosslinks (Mc) 
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was estimated by determining the average crosslink functionality (fcav) and the average 
molecular weight per crosslinks (Mpc), assuming a balanced stoichiometry (see Chapter 
III).  
 It is noted that ethyltriphenylphosphonium acetate (70% in methanol, Alfa Aesar) 
was utilized as a catalyst to promote reactions between primary epoxide groups in the 
epoxy resin and phenolic functionalities in the chain extender and the crosslinker. This 
largely reduced the chances of branching reactions with secondary hydroxyl groups and 
lead to a more uniform and controlled epoxy network. 
 As a toughing agent, the PEP-PEO amphiphilic BCP was synthesized using a 
multi-step polymerization method previously described by Hillmyer and Bates.119 PEO 
is an epoxy-miscible block and PEP an epoxy-immiscible block, which forms a rubber 
domain with a size of about 15 nm. The number-average molecular weight (Mn) of the 
BCP is 9100 g/mol and the weight fraction of ethylene oxide in the BCP is 0.40. The 
chemical structure of PEP-PEO is also shown in Table 4.1. 
 
4.2.2. Preparation of BCP-Modified Epoxy Resin 
 The procedure for sample preparation has been reported in detail earlier, so it is 
only briefly described here. The BCP was mixed and completely dissolved in the epoxy 
resin at around 150 ºC. Then, the chain extender and crosslinker were added into the 
mixture and dissolved. After degassing, the catalyst was added and the mixture was 
cured in a pre-heated mold for 2 h at 200 ºC.  
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 The BCP concentration in all final epoxy products was 5 wt%. Three crosslink 
densities of epoxy matrix were designed with theoretical Mc being 900, 1550 and 2870 
g/mol, respectively. For convenience, the neat and modified epoxy samples with 
different Mc are designated as CET900, CET1550, CET2870, CET900/BCP, 
CET1550/BCP, and CET2870/BCP. 
 All the specimens were dried for at least 24 h in a vacuum oven set at 80 °C prior 
to characterizations. 
 
4.2.3. Density Measurement 
 The densities of all the samples were measured by the displacement method at 
room temperature following the ASTM D792-91 standard. Isopropyl alcohol, which has 
a known density of 0.785 g/cm3, was used for immersion of the samples. To calculate 
the density at elevated temperatures, thermal mechanical analysis (TMA) was performed 
on a Q400 instrument (TA Instruments) to obtain the coefficient of thermal expansion 
(CTE) and to measure the dimensional change as the temperature increased. 
 
4.2.4. Dynamic Mechanical Analysis (DMA) 
 DMA was performed using an RSA III instrument (TA Instruments) at 
temperatures ranging from -120 to 200 °C with a 5 °C per step increase. The tests were 
performed at a fixed frequency of 1 Hz. A sinusoidal strain-amplitude of 0.05% was 
chosen for the analysis. The dynamic storage modulus (E’) and tan δ curves were plotted 
as a function of temperature. The temperature at the maximum in the tan δ curve was 
 72
recorded as the Tg. The E’ at 60 °C above Tg was chosen as the rubbery plateau modulus, 
Er, for each system. 
 
4.2.5. Fracture Toughness Measurement 
 To obtain the Mode-I critical stress intensity (KIC) of the neat and modified 
epoxy samples, a single-edge-notch three-point-bending (SEN-3PB) test was performed 
using the linear elastic fracture mechanics (LEFM) approach in accordance with the 
ASTM D5045 standard. The dimensions of test specimens are 75 × 12.7 × 3.5 mm3. A 
sharp pre-crack was generated in each sample by tapping with a fresh razor blade chilled 
with liquid N2 and care was taken to make sure that the pre-crack exhibited a thumbnail-
like shape crack front. The tests were done at room temperature on an MTS Insight 
machine. The testing crosshead speed was chosen as 0.508 mm/min. Average values and 
standard deviations of the KIC were calculated on the basis of at least five specimens per 
sample. 
 
4.2.6. Toughening Mechanisms Investigation 
 The double-notch four-point-bending (DN-4PB) technique was utilized to 
investigate the detailed toughening mechanisms of BCP-modified epoxy resins with 
various crosslink densities. The DN-4PB technique has been shown to be effective in 
probing micromechanical deformation mechanisms.7-12, 17, 21, 24, 152 A detailed description 
of this technique can be found in Chapter III. The tests were conducted at a crosshead 
speed of 0.508 mm/min and at room temperature, on an MTS Insight machine. Thin 
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sections with a thickness of ca. 40 µm from the core region of the DN-4PB subcritical 
crack tip damage zone were obtained by sectioning and polishing, following the 
procedures described by Holik et al.125 Optical microscopy (OM) images were then 
taken under both bright field and cross-polarized field modes using an Olympus BX60 
optical microscope. For transmission electron microscopy (TEM) observation, a block 
containing a subcritical crack tip damage zone was isolated from the specimen and 
embedded in an Epo-Fix embedding resin (Electron Microscopy Sciences). A detailed 
procedure for the preparation and staining of the samples can be found earlier. TEM 
micrographs were taken from the stained sections using a JEOL 1200 EX electron 
microscope operated at an accelerating voltage of 100 kV. 
 
4.3. Results and Discussion 
 Previous TEM work revealed that the BCP self-assembles into well-defined and 
well-dispersed spherical micelles with an average diameter of ca. 15 nm in 
CET1550/BCP. Because CET900/BCP and CET2870/BCP exhibit similar morphologies 
as CET1550/BCP, they are not shown here. 
 
4.3.1. Dynamic Mechanical Behavior 
 The DMA spectra of all the samples are compared in Figure 4.2 and the E’ and 
Tg values are listed in Table 4.2.  
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Figure 4.2. DMA spectra of (a) neat epoxies and (b) BCP-modified epoxies with 
different crosslink densities. The storage modulus (E’) and glass transition temperature 
(Tg) values are summarized in Table 4.2. 
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Figure 4.2. Continued. 
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Table 4.2. Storage modulus (E’), glass transition temperature (Tg) and fracture toughness 
(KIC) of the samples. 
 
E’ (Pa) 
Sample 
At low 
temp. 
At room 
temp. 
At rubbery 
plateau 
Tg 
(°C) 
KIC 
(MPa·m1/2) 
CET900 3.27×109 1.99×109 1.79×107 125 0.82±0.05 
CET1550 3.86×109 2.25×109 1.33×107 115 0.96±0.04 
CET2870 2.80×109 2.04×109 3.20×106 110 0.94±0.03 
CET900/BCP 4.07×109 2.31×109 1.68×107 120 1.95±0.03 
CET1550/BCP 4.04×109 2.36×109 9.38×106 110 2.73±0.08 
CET2870/BCP 3.87×109 2.27×109 4.38×106 100 3.02±0.17 
 
 
 
 For the neat epoxies (Figure 4.2a), as expected, Tg decreased with decreasing 
crosslink density, because Tg is prone to be affected by larger-scale molecular motions, 
which are directly related to the molecular weight between crosslinks for a thermoset 
system. However, by comparing the heights of the tan δ curves between the α-relaxation 
peak (Tg) and the β-relaxation peak, it shows that the higher Mc epoxy exhibits slightly 
lower damping characteristics. Following this logic, the higher crosslink density epoxy 
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should be more capable of dissipating fracture energy (tougher), which was found not to 
be the case (see Section 4.3.3). This observation further implies that the toughenability 
of epoxies cannot be simply correlated with the magnitude of tan δ curve from DMA 
alone. The physical nature responsible for the observed damping phenomenon is much 
more important for the correlation with toughenability. To be noted, the above finding 
has also been found in a core-shell rubber (CSR)-modified epoxy system.17 
 As will be discussed in detail in the next section, the rubbery plateau modulus is 
inversely related to the Mc. But it is much more complex for storage moduli at low and 
ambient temperatures. The CET1550 has a higher E’ than those of CET900 and 
CET2870. It is known that modulus is influenced more by the localized small-scale 
molecular motions, backbone rigidity, or chain rotation. Therefore, with the addition of 
more chain extender between crosslinks, there is likely to be a competition between a 
decrease in crosslink density and an increase in backbone rigidity, because the BPA 
chain is more rigid than the diglycidyl ether segment in the epoxy monomer.  
 For BCP-toughened epoxies (see Figure 4.2b), the general crosslink density 
effects on storage modulus, Tg and damping curve are analogous to those of their neat 
epoxy counterparts. It is worth mentioning that there is a consistent increase in room 
temperature storage modulus for all BCP-containing epoxy samples relative to their neat 
controls. This finding indicates that the modulus of the epoxy is not compromised with 
the incorporation of BCP toughening agent. 
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4.3.2. Determination of Crosslink Density 
 As stated earlier, the theoretical value of Mc was calculated from the 
stoichiometry of epoxy resin, chain extender and crosslinker. The crosslink density of 
each sample was also experimentally estimated by measuring the equilibrium storage 
modulus in the rubbery state, according to the equation from the theory of rubber 
elasticity153:  
r
c G
RTM ρ=                                                                                                                    (4.1) 
where ρ (in g/m3) is the density of the polymer, Gr (in Pa) the shear equilibrium storage 
modulus in the rubbery state, Mc in g/mol and R and T are the real gas constant (8.314 
J·K-1·mol-1) and temperature (in Kelvin), respectively. The density of each sample at 
room temperature was first measured by the displacement method. The density in the 
rubbery state was calculated on the basis of the dimensional change from the CTE 
information obtained from TMA (the density data are given in Table 4.3). The Gr value 
is assumed to be related to the flexural equilibrium storage modulus, Er, in the following 
manner: 
Er = 2Gr(1+v)                                                                                                                 (4.2) 
where v is the Poisson’s ratio and assumed to be 0.5 which is typical for a rubbery 
material. Er was obtained from DMA at rubber plateau region (see Table 4.2).  
 For convenience, the theoretically and experimentally determined Mc values of 
all the samples in this study are listed in Table 4.3. As expected, there is a discrepancy 
between the experimentally determined Mc and the expected theoretical value of Mc, but 
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the correlation between the experimental and theoretical Mc values follows a linear trend 
except for the neat CET2870 sample (Figure 4.3a). We also tried to estimate Mc using 
the empirical equation derived by Nielsen154 and Timm et al.155: 
c
r M
G ρ2930.6log10 +=                                                                                                   (4.3) 
where ρ is in g/cm3, Gr in Pa and Mc in g/mol. But the discrepancy in this scenario was 
much bigger than using the previous Equation (4.1) and the linear correlation was not 
observed (Figure 4.3b). Apparently the rubber elasticity theory fits better for the system 
in the current study and is therefore chosen to calculate the experimental Mc for crosslink 
density effect investigation.  
 It is noted that the cured epoxy network is far more complex than that of an ideal 
rubber. The estimated Mc values here are only meant to provide a semi-quantitative 
assessment of the crosslink density of the epoxy network investigated. To make the 
comparison meaningful, all the Mc values reported in this study, including those obtained 
from literature, were calculated using Equation (4.1). 
 It is interesting to note that the presence of the BCP seems to lower the crosslink 
density of the epoxy matrix for CET900 and CET1550 systems. There is no evidence of 
any chemical reaction between the BCP and epoxy components. It is believed that the 
major interaction between the two phases is through hydrogen bonding between the –OH 
groups generated during the cure reaction and the ether oxygen in the PEO backbone. 
The presence of the BCP phase, especially the epoxy-philic PEO block may somehow 
hinder the crosslinking process. This is possibly the explanation for the observed 
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increase in Mc with the addition of BCP. The BCP effect on crosslink density may 
partially account for the altered matrix toughenability and the high strain rate sensitivity 
as well. This effect was not observed for the lightly crosslinked CET2870 system. 
 
Table 4.3. Density and molecular weight between crosslinks (Mc) of the model epoxy 
systems. 
 
Sample 
Density at 
room temp. 
(g/cm3) 
Density at 
rubbery plateau 
(g/cm3) 
Theoretically 
estimated Mc 
(g/mol) 
Experimentally 
estimated Mc 
(g/mol) 
CET900 1.212 1.127 900 320 
CET1550 1.200 1.127 1550 950 
CET2870 1.204 1.133 2870 3890 
CET900/BCP 1.204 1.117 - 750 
CET1550/BCP 1.200 1.127 - 1320 
CET2870/BCP 1.201 1.117 - 2760 
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(b) 
Figure 4.3. Correlations of theoretical Mc and experimental Mc estimated using (a) 
rubber elasticity equation and (b) Nielsen and Timm’s equation, for the neat and 
modified epoxies in this study. 
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4.3.3. Fracture Toughness Measurement 
 The fracture toughness values of the neat epoxies and the BCP-modified epoxies 
with various Mc are summarized in Table 4.2. It is evident that the addition of the BCP 
with an overall concentration of only 5 wt% can significantly improve the fracture 
toughness at all crosslink densities. As expected, the fracture toughness of the BCP-
modified epoxies is strongly dependent on the matrix crosslink density. The higher the 
epoxy Mc, the higher the KIC value becomes. Such a crosslink density effect is not found 
in the neat system. The matrix Mc does not seem to have much influence on the fracture 
toughness of the neat epoxies. By comparing the relative KIC improvement in each Mc 
case, it is not difficult to find that the lower crosslink density epoxy has a higher 
capability of being toughened through the incorporation of BCP toughening agent, i.e., a 
higher toughenability. 
 In addition, the above crosslink density-toughenability correlation has been 
compared with that in a 5 wt% CSR-modified epoxy system,17 as shown in Figure 4.4. 
The comparison of toughening effect between the two rubber tougheners suggests that 
the BCP phase is at least as effective as CSR in toughening epoxies of various crosslink 
densities. In addition, there appears to be a critical Mc value for the rubber-modified 
systems beyond which the further enhancement in fracture toughness will diminish. The 
above phenomenon may be due to the fact that the high Mc rubber-toughened epoxy is 
too tough for the LEFM approach to become valid. The J-integral approach has to be 
undertaken to account for the high toughening effect of the high Mc epoxy resins. 
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Figure 4.4. Fracture toughness, KIC, plotted against the matrix Mc for two sets of neat 
and modified epoxy resins: the ones in the present work (? unmodified and ? 5 wt% 
BCP-modified) and in the work done by Sue et al.17 (? unmodified and ? 5 wt% CSR-
modified). The experimental estimated Mc data of the CSR system were reprocessed 
using Equation (4.1) from the rubber elasticity theory. 
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4.3.4. Crosslink Density Effect on Toughening Mechanisms 
 As aforementioned, it is imperative to investigate the physical nature and 
micromechanical mechanisms of the toughening process for a fundamental 
understanding of crosslink density effect. With the aid of the DN-4PN technique, the key 
toughening mechanism in these modified epoxies has been found to be BCP nanoparticle 
cavitation-induced matrix shear banding. This study focuses on the difference in major 
toughening effects from the influence of the matrix crosslink density. 
 Figure 4.5 presents the OM images of the subcritical crack tip damage zones in 
the modified epoxies after the DN-4PB test under both bright field and cross-polars. It is 
clear from the bright field images that, the lower the crosslink density, the larger the 
damage zone size that is formed in front of the crack tip. In the images taken under 
cross-polarized light, a birefringent zone is observed in the middle of the crack tip 
damage zone, indicating a shear banding process. It is also found that the size and the 
intensity of the shear banding zone increase with decreasing crosslink density.  
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(a) 
 
(b) 
Figure 4.5. OM images of subcritical crack tip regions in CET900/BCP (a,b), 
CET1550/BCP (c,d) and CET2870/BCP (e,f), respectively. All the cracks propagate 
from left to right. The images were taken under both bright (a,c,e) and cross-polarized 
(b,d,f) fields at same location for each example. 
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(c) 
 
(d) 
Figure 4.5. Continued. 
 87
 
(e) 
 
(f) 
Figure 4.5. Continued. 
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 To understand the details of the micromechanical deformation process upon 
fracture, TEM was performed to examine the specific location in the vicinity of the 
subcritical crack tips in the BCP-modified epoxies after DN-4PB (Figure 4.6). In the 
case of CET900/BCP, some cavitated nanoparticles have been found to remain spherical 
in shape, even in the regions immediately beneath the crack path. As for CET1550/BCP, 
the cavitation phenomenon becomes more uniform, and some form of stretching and 
orientation of the BCP nanoparticles has been found, which indicates the shear plastic 
deformation of the matrix around those particles. The micromechanical mechanisms 
found in the case of CET2870/BCP are similar to CET1550/BCP, but the degree of 
particle deformation is more pronounced. As indicated in the TEM micrograph, cavitated 
BCP particles adjacent to the crack seem to have undergone severe stretching. 
 All the information obtained from OM and TEM observations is consistent with 
the fracture toughness results. It is evident that the particle cavitation and matrix shear 
banding mechanisms are highly suppressed for high crosslink density epoxies. The 
higher the Mc the more flexible the network architecture becomes. This means it is more 
likely that the material can undergo plastic deformation and dissipate more fracture 
energy through intermolecular motions. On the contrary, in the low Mc cases, the 
capability of localized plastic deformation is highly restricted by less mobility chains 
with a high concentration of crosslinking sites in the network. 
 
 89
 
 
 
 
(a) 
Figure 4.6. TEM micrographs taken in the vicinity of subcritical crack tips in (a) 
CET900/BCP, (b) CET1550/BCP and (c) CET2870/BCP, respectively. The specimen 
thin-sections were stained using 0.5% RuO4 aqueous solution prior to TEM imaging. 
The crack propagating directions are indicated in the images. In the CET2870/BCP 
image, the arrows point to the BCP nanoparticles that are severely stretched. 
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(b) 
Figure 4.6. Continued. 
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(c) 
Figure 4.6. Continued. 
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  It is known that normally epoxy itself is extremely difficult to have shear 
deformation under high triaxial stress state (plane-strain condition), e.g., at the crack tip. 
Thus, the effect on the energy dissipation process above Mc has to be with the presence 
of rubbery particles, because cavitation of those particles can relieve the local triaxial 
stress and alter the stress state to plane-stress condition. That is also why the crosslink 
density effect seems to be a nonfactor in neat thermosetting systems. On the other hand, 
a sufficiently high ductility matrix is considered a fundamental requirement for a 
thermosetting material to be toughenable by the incorporation of rubbery phase. 
 It is worth mentioning that the correlation between crosslink density and 
toughenability may not necessarily hold true when the nature of epoxy backbone 
molecular rigidity or the applied stress state is altered. Sue et al. have found a totally 
opposite Mc-toughenability relationship in two toughened epoxy resins with different 
side groups on the epoxy monomers.17 The toughenability of an epoxy resin has also 
been altered by Kishi et al. by changing the stress state150 or the shear ductility through 
the incorporation of ductile thermoplastic resins.149 
 
4.3.5. Implications of the Present Work 
 The family of BCP-modified epoxies in this research has shown its versatility to 
meet specific engineering requirements for Tg, modulus, and ductility/toughenability. 
This argument is based upon the fact that these material properties can be influenced in 
different scales. Tg appears to be affected by large-scale main-chain motions, such as 
molecular motions involving multi-monomer length scales or distance between 
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crosslinks. Ductility or toughenability, is affected by smaller-scale intrachain corporative 
motions and molecular mobility. On the other hand, modulus seems to be influenced 
more by monomer rigidity, chain rotation, and localized small-scale molecular motions. 
It is very possible to design a material with a desirable combination of Tg, modulus and 
toughness characteristics if one can decouple the size scales influencing different 
properties. 
 Generally speaking, in rubber-toughened polymeric systems, the properties of the 
elastomeric phase, such as cavitational strength, particle size, concentration, etc., are 
critical for the resulting toughening effect. Also, the nature of the matrix definitely plays 
an important role in determining whether or not toughening mechanisms can operate 
effectively. The crosslink density in thermosetting materials is one example. Although a 
crosslink density-toughenability relationship has been clearly revealed with experimental 
evidence in this study, the questions as to how the epoxy network develops during curing 
and how that process can be influenced by the presence of a heterogeneous inclusion, 
still remain unanswered. There is also no direct technique that can definitively probe the 
inhomogeneity, unreacted functionality, or other defects in a thermosetting resin. More 
efforts are still needed to achieve a complete understanding of structure-property 
relationship of engineered thermosets at the molecular level. 
 
4.4. Summary 
 The fracture characteristics of PEP-PEO BCP-modified epoxies were carefully 
studied with variations in matrix crosslink density. As expected, the findings suggest that 
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the toughenability of the epoxy resin has a strong dependence on its Mc. The lower the 
crosslink density is, the more capable the host resin can be toughened by the 
incorporation of the elastomeric phase. The nano-sized BCP particles appear to be at 
least as effective as CSR in toughening epoxies at various levels of crosslink densities. It 
is possible to develop a high performance thermosetting material with combined 
desirable Tg, modulus and toughenability. Additional work is still needed for 
understanding the physical nature of network formation and its interactions with BCP 
particles at nanometer scale, especially at their interphase. 
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CHAPTER V 
 
STRAIN RATE EFFECT ON MECHANICAL PROPERTIES OF EPOXIES 
CONTAINING NANO-SIZED BLOCK COPOLYMER MICELLES 
 
 A bisphenol A-based epoxy was modified with an amphiphilic poly(ethylene-alt-
propylene)-b-poly(ethylene oxide) (PEP-PEO) block copolymer (BCP) as a toughening 
agent. PEP-PEO molecules self-assemble into nano-sized spherical micelles in epoxy 
and give rise to a significant improvement in fracture resistance. The fracture and tensile 
behavior of the PEP-PEO-modified epoxy were investigated at loading rates ranging 
from 0.51 to 508 mm/min. The toughened epoxy exhibits mechanical properties that are 
significantly more rate dependent than the neat epoxy material. As expected, a higher 
test rate leads to a more brittle behavior of the material and a lower fracture toughness 
value. The implications of the current findings on nano-sized rubber toughening of 
epoxy are discussed in detail. 
 
5.1. Introduction 
 Significant attention has been drawn onto improving the fracture toughness of 
brittle epoxy thermosets. Those toughening techniques include the modification with 
micrometer-sized liquid rubbers,3-8 core-shell rubber (CSR) particles,9-18 and 
thermoplastic particles.21-31 The addition of rubbery toughening agents normally leads to 
an impressive toughening effect, but may also cause severe deterioration in glass 
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transition temperature (Tg), modulus, strength, and other desirable properties. The 
introduction of thermoplastic particles will typically give a moderate toughening effect 
and cannot produce satisfactory results for low temperature or high rate test conditions. 
Consequently, there is a significant demand to develop alternative toughening techniques 
to substantially increase the fracture resistance of brittle epoxies without compromising 
other desired physical and mechanical properties. 
 Recently, a new epoxy toughening approach using self-assembling amphiphilic 
BCP has drawn significant attention.32-41 Incorporation of a small amount of dispersed, 
microphase separated, BCP can produce improvements in fracture toughness without 
compromising the Tg and Young’s modulus of the cured neat epoxy. The three primary 
shapes that have been studied include spherical micelles, wormlike micelles, and 
vesicles.33, 34, 38, 47 Despite recent publications that have shown a significant fracture 
toughness increase by the addition of BCP, only a few of them have discussed in detail 
the corresponding toughening mechanisms,38, 41 but no definitive conclusions have been 
drawn. 
 Most recently, an epoxy system containing poly(ethylene-alt-propylene)-b-
poly(ethylene oxide) (PEP-PEO) amphiphilic BCP, which self-assembled into well-
defined 15 nm spherical micelles, was investigated. With only 5 wt% loading of the BCP 
phase, a significant improvement in fracture toughness was reported (see Chapter III). 
Detailed mechanistic investigations with direct microscopy observations revealed that 
the dominant toughening mechanism is BCP micelle particle cavitation-induced matrix 
shear banding. Furthermore, in contrast to a typical rubber-toughened epoxy, no drop in 
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Tg or modulus were detected. The above findings suggested that the PEP-PEO was well 
suited as a toughening agent for the epoxy investigated. However, upon the addition of 
PEP-PEO, there existed a pronounced viscoelastic damping behavior above room 
temperature in the cured epoxy, suggesting that its mechanical properties might be more 
strain rate dependent compared to the neat epoxy counterpart. A study on the strain rate 
dependence of BCP-toughened epoxy is therefore warranted. 
 Strain rate dependence on mechanical properties of polymers has been widely 
reported for homopolymers,156-158 blends,159 composites,160-163 toughened plastics,10, 76, 81, 
164, 165 etc. Due to the viscoelastic nature of polymers, a lower strain rate usually leads to 
higher fracture toughness. A possible reason for the strain rate sensitivity is an increased 
available time for molecular mobility, thus dissipating the applied mechanical energy 
more effectively.165 In this chapter, emphasis is placed on investigating the strain rate 
dependence of the same PEP-PEO-modified epoxy system discussed earlier. Fracture 
and tensile behavior, therefore, were examined at different test rates. The effects of test 
rate on toughening and its corresponding toughening mechanisms were carefully studied 
and implications of the current findings discussed. 
 
5.2. Experimental  
5.2.1. Materials 
 A diglycidyl ether of bisphenol A (DGEBA) epoxy resin (D.E.R. 332, Dow 
Chemical) was used. The crosslinker of choice was 1,1,1-tris(4-hydroxyphenyl)ethane 
(THPE, Aldrich). Bisphenol A (BPA) chain extender (PARABIS, Dow Chemical) was 
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used to control the crosslink density of the epoxy network. Ethyltriphenylphosphonium 
acetate (70% in methanol, Alfa Aesar) was added as a catalyst.  
 The PEP-PEO amphiphilic BCP was synthesized using a multi-step 
polymerization method previously described by Hillmyer and Bates.119 Herein, PEO is 
an epoxy-philic block and PEP is an epoxy-phobic block. The weight fraction of 
ethylene oxide in the BCP is 0.40. The number-average molecular weight (Mn) of the 
BCP is 9100 g/mol.  
 
5.2.2. Preparation of BCP-Modified Epoxy  
 The detailed procedure for sample preparation can be found in Chapter III. Only 
the key steps are described here for convenience. The BCP was mixed and completely 
dissolved in the epoxy resin at 150 ºC. Next, the crosslinker and chain extender were 
added into the mixture and dissolved. After degassing, the catalyst was added and the 
mixture was cured at 200 ºC for 2 h.  
 The overall BCP concentration in the resulting epoxy plaque was 5 wt% and the 
molecular weight between crosslinks (Mc) of the epoxy matrix was designed to be 
around 1550 g/mol. All the specimens were dried in a vacuum oven at 80 °C for at least 
24 h prior to characterizations. 
 
5.2.3. Dynamic Mechanical Analysis (DMA) 
 DMA was performed using an RSA III instrument (TA Instruments) at a fixed 
frequency of 1 Hz. The test temperature was increased from -10 to 105 °C at 5 °C per 
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step. A sinusoidal strain-amplitude of 0.05% was chosen for the analysis. The damping 
of the tested material can be expressed as tan δ which is related by: 
'
"tan
E
E=δ                                                                                                                     (5.1) 
where E’ is the storage modulus and E” is the loss modulus. The tan δ curves of both 
neat epoxy and BCP-toughened epoxy were plotted as a function of temperature. 
 
5.2.4. Transmission Electron Microscopy (TEM) 
 TEM was used to characterize the morphology and fracture mechanisms of BCP-
toughened epoxy. The material was thin-sectioned using room temperature microtomy. 
The ultrathin sections (ca. 80 nm in thickness) were collected on carbon-coated copper 
grids and then vapor-stained with a fresh 0.5 wt % RuO4 aqueous solution (Electron 
Microscopy Sciences) for 10 min at 25 °C. The RuO4-stained ultrathin sections were 
examined on a JEOL 1200 EX electron microscope operated at a 100 kV accelerating 
voltage. TEM micrographs were taken using calibrated Kodak electron microscope films. 
 
5.2.5. Fracture Toughness Measurements  
 The linear elastic fracture mechanics (LEFM) approach was employed for 
fracture toughness measurements. A single-edge-notch 3-point-bending (SEN-3PB) test 
was performed to obtain the Mode-I critical stress intensity (KIC) of the neat epoxy and 
BCP-toughened epoxy in accordance with ASTM D5045 on an MTS Insight machine. 
Three different test speeds were used: 0.51, 15.24 and 508 mm/min. A sharp crack was 
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generated on a 75 × 12.7 × 3.5 mm3 specimen by inserting and tapping with a liquid N2-
chilled fresh razor blade. Special care was taken to ensure that the initial crack exhibited 
a thumbnail shape crack front prior to tests. At least five specimens were used to 
determine the KIC for each sample. 
 
5.2.6. Scanning Electron Microscopy (SEM) 
 Fracture surfaces were examined using a FEI Quanta 600 Field Emission-SEM 
(FE-SEM). Prior to imaging, the samples were sputter-coated with a thin layer (ca. 4 nm) 
of Pt/Pd (80/20). The microscope was operated at an accelerating voltage of 5 kV and a 
working distance of 10 mm. 
 
5.2.7. Double-Notch Four-Point-Bending (DN-4PB) Test 
 In order to gain a fundamental understanding of the toughening mechanisms, the 
DN-4PB test7, 119, 123, 124 was employed to probe the detailed micromechanical 
deformation of BCP-toughened epoxy upon fracture. Elaborated descriptions and 
schematics of the DN-4PB technique can be found in Chapter III. 
  DN-4PB tests were conducted at room temperature on an MTS Insight machine. 
Again, three different test speeds were utilized: 0.51, 15.24 and 508 mm/min. The 
specimen was loaded in a 4-point bending geometry with the cracks positioned on the 
tensile side. The arrested subcritical crack tip damage zone from the core region of the 
specimen was diced off and prepared accordingly for optical microscopy (OM) and 
TEM observations. 
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For OM investigations, thin sections of the mid-section of the DN-4PB crack tip 
damage zone were obtained by sectioning and polishing to a thickness of ca. 40 µm. 
These thin sections were then examined using an Olympus BX60 optical microscope 
under the bright field mode. 
For TEM imaging, a block with the crack tip damage zone was isolated from the 
specimen and embedded in Epo-Fix embedding resin for materialographic use (Electron 
Microscopy Sciences). After curing overnight at room temperature, the block was 
trimmed into a trapezoid shape at the tip with a cross section area of around 0.3 × 0.3 
mm2. Then, the trimmed block was faced off by a diamond knife, followed by 
microtoming and staining as aforementioned. 
 
5.2.8. Tensile Tests  
 Room temperature tensile tests were conducted in accordance with ASTM D638 
using an MTS servo-hydraulic test machine. Four crosshead speeds were utilized in 
order to cover a reasonable range of different tensile behavior transitions: 0.51, 5.08, 
50.8 and 508 mm/min. The strain was measured by a calibrated MTS extensometer 
(Model 632.11B-20). Average values and standard deviations of Young’s modulus and 
yield stress were calculated based on at least three specimens per sample type. 
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5.3. Results and Discussion 
5.3.1. Morphology of BCP-Toughened Epoxy 
 Figure 5.1 shows the TEM micrograph of RuO4-stained BCP-toughened epoxy. 
The BCP phase has been stained to appear as dark color and the light background is the 
epoxy phase. It is evident that the BCP has self-assembled into well-defined spherical 
micelles and is homogeneously dispersed in the epoxy matrix. No macro-phase 
separation was observed. The diameter of the nano-phase separated BCP is on average 
15 nm.  
 
Figure 5.1. TEM micrograph showing the spherical micellar morphology of BCP phase 
in epoxy matrix. 
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5.3.2. Viscoelastic Damping Characteristics 
 The damping characteristics of neat epoxy and BCP-toughened epoxy were 
studied based on the tan δ curves obtained from DMA (see Figure 5.2). The spectra 
show a noticeable increase in the tan δ curve of epoxy after the incorporation of BCP at 
temperatures above 0°C. This indicates that the BCP causes some portion of the epoxy 
network to become more mobile at temperatures above 0 °C. One explanation for this 
behavior is mixing between the epoxy-philic corona blocks (PEO) at the boundary 
between the epoxy-phobic micelle core and the crosslinked epoxy matrix. PEO is 
estimated to have a glass transition temperature below -40 °C166 and in the amorphous 
form this polymer will plasticize glassy epoxy. The wide temperature range over which 
tan δ is affected likely reflects a gradient in composition in the vicinity of the micelle 
corona. As a result, the BCP-toughened epoxy is likely to become more strain rate 
dependent when tested at room temperature. In this study, the strain rate effect on the 
mechanical behavior of BCP-toughened epoxy is therefore systematically investigated 
and compared against the unmodified equivalent. 
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Figure 5.2. Tan δ traces of neat epoxy and BCP-toughened epoxy in a region leading up 
to their Tg. 
 
 
 
5.3.3. Fracture Behavior  
The KIC values of neat epoxy and BCP-toughened epoxy are summarized in 
Table 5.1. Three different test rates of 0.51, 15.24, and 508 mm/min were chosen for the 
study. As shown in Table 5.1, the toughening effect for BCP-toughened epoxy is 
reduced significantly with an increase in the test rate. This indicates that the PEO block 
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of BCP has altered the epoxy network structure, making it more susceptible to strain rate 
dependence. It is also important to note that, although others have reported such a strain 
rate dependence in toughened polymeric systems,10, 76, 164, 165 the rate dependence found 
in this study is much more prominent. One possible reason is that the PEO block might 
have participated in the network structure formation around the PEP phase, making it 
more effective in modifying the viscoelasticity of the epoxy network. 
 
 
Table 5.1. Fracture toughness (MPa•m1/2) of neat epoxy and BCP-toughened epoxy at 
different test rates. 
 
Test rate, mm/min 0.51 15.24 508 
Neat epoxy 0.96±0.04 0.80±0.05 0.74±0.04 
BCP-toughened epoxy 2.73±0.08 2.21±0.12 1.30±0.08 
Relative toughening effect 
(toughened versus neat) +184% +176% +76% 
 
 
 
 The fracture surface obtained from the SEN-3PB tested specimen was analyzed. 
A stress-whitening region is clearly shown on the fracture surface generated in the 
slowest test rate case (0.51 mm/min). When the test rate is increased, the whitening zone 
becomes smaller and smaller (see Figure 5.3). It is important to mention that no stress  
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(a) (b) (c) 
Figure 5.3. Fracture surfaces of BCP-toughened epoxy specimens after the SEN-3PB 
tests at test rates of (a) 0.51 mm/min, (b) 15.24 mm/min, and (c) 508 mm/min, 
respectively. The red dashed lines represent the initial crack fronts and the crack 
propagated from top to bottom.  
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whitening is expected in the neat epoxy regardless of the test rate. Because the stress-
whitening phenomenon implies the presence of some form of cavitation, careful TEM 
observations in the crack tip region of the DN-4PB specimens were conducted to 
determine the source of the voiding phenomenon. 
 The fracture surfaces were also examined using SEM. Micrographs of BCP-
toughened epoxy samples fractured at different rates are shown in Figures 5.4-5.6. For 
comparison purposes, the fracture surface of a neat epoxy fractured at 0.51 mm/min is 
shown in Figure 5.7. At a test rate of 0.51 mm/min, BCP-toughened epoxy exhibits a 
rough fracture surface in the crack tip region, suggesting a ductile fracture behavior. At 
higher test rates (i.e., 15.24 and 508 mm/min), only small-scale surface features were 
generated. In other words, the higher the test rate, the smoother the facture surface 
became. In contrast, neat epoxy fractured at 0.51 mm/min developed a featureless 
smooth surface as a typical brittle mode of fracture. Neat epoxy specimens tested at 
15.24 and 508 mm/min showed no difference and, therefore, are not presented here. 
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(a) 
Figure 5.4. SEM micrographs showing the fracture surface of BCP-toughened epoxy 
fractured at 0.51 mm/min at a magnification of (a) 150× and (b) 600×. The insets show 
the spots where the micrographs were taken. The blue dashed lines represent the initial 
crack fronts and the crack propagates from left to right.  
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(b) 
Figure 5.4. Continued. 
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(a) 
Figure 5.5. SEM micrographs showing the fracture surface of BCP-toughened epoxy 
fractured at 15.24 mm/min at a magnification of (a) 150× and (b) 600×. The insets show 
the spots where the micrographs were taken. The blue dashed lines represent the initial 
crack fronts and the crack propagates from left to right.  
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(b) 
Figure 5.5. Continued.  
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(a) 
Figure 5.6. SEM micrographs showing the fracture surface of BCP-toughened epoxy 
fractured at 508 mm/min at a magnification of (a) 150× and (b) 600×. The insets show 
the spots where the micrographs were taken. The blue dashed lines represent the initial 
crack fronts and the crack propagates from left to right. 
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(b) 
Figure 5.6 Continued. 
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(a) 
Figure 5.7. SEM micrographs showing the fracture surface of neat epoxy fractured at 
0.51 mm/min at a magnification of (a) 150× and (b) 600×. The insets show the spots 
where the micrographs were taken. The red dashed lines represent the initial crack fronts 
and the crack propagates from left to right. 
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(b) 
Figure 5.7. Continued. 
 116
5.3.4. Strain Rate Effect on Mechanical Properties and Toughening Mechanisms 
 The DN-4PB tests have revealed that one of the key toughening mechanisms in 
BCP-toughened epoxy is BCP micelle cavitation-induced matrix shear banding. The 
details regarding this toughening effect can be found in previous chapters. Herein we 
compare the toughening effect at different test rates.  
 Figure 5.8 presents the DN-4PB subcritical crack tip damage zones in BCP-
toughened epoxy at different test rates, observed by OM under bright field. It is evident 
that the higher the strain rate, the smaller the damage zone size. At both 0.51 and 15.24 
mm/min test conditions, dilatation bands9-11, 17, 126 are generated at the crack tip with a 
noticeable difference in their sizes and intensities. At the highest test rate of 508 mm/min, 
the crack tip damage zone size becomes significantly reduced, forming just a slightly 
darker crack tip under OM without observable dilatation bands. The comparison 
demonstrates that the toughening effect is suppressed with increasing test rate.    
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(a) 
 
(b) 
Figure 5.8. OM images showing the subcritical crack tip damage zones of BCP-
toughened epoxy specimens after the DN-4PB tests at different rates of (a) 0.51 mm/min, 
(b) 15.24 mm/min, and (c) 508 mm/min. The crack propagates from left to right in each 
case. 
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(c) 
Figure 5.8. Continued. 
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 In order to investigate the micromechanical deformation mechanisms of the 
materials upon cracking, TEM was used to examine the crack tip damage zone of the 
DN-4PB specimens at higher magnifications. Figures 5.9-5.11 show the TEM 
micrographs of BCP-toughened epoxy specimens taken at similar locations relative to 
the subcritical crack tip after the DN-4PB tests at different rates. Again, rubber particle 
cavitation-induced epoxy shear banding was the major toughening mechanism for the 
two relatively slow rate cases (0.51 and 15.24 mm/min). By comparing Figures 5.9 and 
5.10, it is evident that a higher test rate produced a lesser degree of BCP cavitation and 
plastic deformation at the same relative locations. Accordingly, the sizes of the 
cavitation zone and the shear banding zone were also shrunk as the test rate was 
increased. In the highest test rate case (508 mm/min), no observable cavitation or 
deformation of the BCP particles was found anywhere in the specimen. Therefore, as 
expected, the capacity for BCP to help dissipate fracture energy was suppressed with 
increasing test rate, leading to a low KIC value. 
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(a) 
Figure 5.9. TEM micrographs of BCP-toughened epoxy after DN-4PB test at 0.51 
mm/min at locations (a) close to the crack tip and (b) some distance away from the crack. 
The insets show the spots where the micrographs were taken. The arrows indicate the 
crack propagation direction. 
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(b) 
Figure 5.9. Continued. 
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(a) 
Figure 5.10. TEM micrographs of BCP-toughened epoxy after DN-4PB test at 15.24 
mm/min at locations (a) close to the crack tip and (b) some distance away from the crack. 
The insets show the spots where the micrographs were taken. The arrows indicate the 
crack propagation direction. 
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(b) 
Figure 5.10. Continued. 
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(a) 
Figure 5.11. TEM micrographs of BCP-toughened epoxy after DN-4PB test at 508 
mm/min at locations (a) close to the crack tip and (b) some distance away from the crack. 
The insets show the spots where the micrographs were taken. The arrows indicate the 
crack propagation direction. 
 
 125
 
 
 
 
(b) 
Figure 5.11. Continued. 
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 In Chapter III, it is discussed that crack tip blunting plays an important 
toughening role in the slow test rate (i.e., 0.51 mm/min) case, corroborated by a lower 
yield stress after the addition of BCP. To show the possible contribution of crack tip 
blunting on toughening, tensile tests were performed and compared at different test rates 
of 0.51, 5.08, 50.8 and 508 mm/min. The stress-strain curves are displayed in Figure 
5.12 and the key tensile properties are summarized in Table 5.2. As the test rate was 
increased, the yield stress increased and the ductility decreased. This implies that it is 
harder to undergo plastics deformation as the test rate is increased. This in turn results in 
a reduction of the crack tip blunting effect.  
 Here we note that yielding and localized necking were observed only at slow test 
rate conditions (0.51, 5.08 and 50.8 mm/min). Figure 5.12 shows that at a test rate of 508 
mm/min, the specimen broke before yielding could occur. This behavior undermines the 
possibility of matrix shear banding or crack tip blunting at high test rates. 
 A possible explanation for the strain rate sensitivity of toughened polymers is the 
greatly increased damping characteristics of BCP-toughened epoxy (Figure 5.2). In a 
toughened polymeric system, the micromechanical deformation mechanism for fracture 
behavior involves a time-dependent process, which is related to the relaxation of the 
matrix molecules with respect to the applied strain rate of the test. At high test rates, the 
volumetric dilatation of the rubber particle remains too low when early brittle failure 
occurs in the matrix. Thus, no extensive cavitation can take place around the crack tip to 
trigger massive plastic deformation of the epoxy matrix. Meanwhile, the capability of 
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the matrix to undergo shear banding is also highly restricted at high rates due to greatly 
increased critical stress for yielding to take place. 
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Figure 5.12. Stress-strain curves of BCP-toughened epoxy specimens at tensile test rates 
of 0.51, 5.08, 50.8 and 508 mm/min. 
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Table 5.2. Young’s modulus and yield stress values of BCP-toughened epoxy specimens 
at different tensile test rates. 
 
Test rate (mm/min) 0.51 5.08 50.8 508 
Young’s modulus (GPa) 2.51±0.07 2.58±0.05 2.54±0.06 2.82±0.08 
Yield stress (MPa) 60.3±0.2 65.8±0.4 66.9±0.7 n/a 
 
 
 
 Different scenarios in mechanical behavior of toughened polymers at different 
loading rate conditions under the SEN-3PB unstable geometry condition are summarized 
in Figure 5.13. When the test rate is gradually increased, the material will go through a 
fully stable, mixed stable/unstable, and fully unstable transition.  
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Figure 5.13. Schematic of stable-unstable transitions in mechanical behavior of 
toughened plastics as test rate increases. 
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  Although the above viscoelastic behavior has been observed in other toughened 
polymeric systems, the strain rate dependence observed in BCP-toughened epoxy was 
found to be more pronounced than what were found in the literature.76, 81, 165 The only 
systematic study on rate effect in toughened epoxy found in the literature is based on 
carboxyl-terminated butadiene acrylonitrile (CTBN)-modified epoxy.76, 165 Figure 5.14 
shows a comparison of the rate effect for the BCP-toughened epoxy performed in this 
study and the CTBN-toughened epoxy,76 along with their unmodified counterparts. From 
the plots, it is apparent that KIC is related in an inverse linear manner to the log of 
loading rate. According to the slopes of the plots, it is evident that the effect of rate 
dependence on fracture toughness of the BCP-toughened epoxy is more significant than 
that of the CTBN-toughened epoxy and their neat epoxy counterparts. A plausible 
explanation for this phenomenon is that the epoxy network in this study has been 
modified by the epoxy-philic PEO block. A detailed illustration of this unique 
modification is described in the next section. A point worth reiterating is that the fracture 
toughness improvement obtained with only 5 wt% of BCP is comparable to that 
produced with a much higher concentration of CTBN.  
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Figure 5.14. Fracture toughness, KIC, plotted against loading rate for two sets of neat and 
toughened epoxies: the ones in the present work (? unmodified and ? 5 wt% BCP-
modified), and in Ref. 50 (? unmodified and ? 12.5 wt% CTBN-modified). 
 
 
 
5.3.5. Effect of PEO Block on Epoxy Properties  
Considering the fact that there is still a 76% increase in KIC at a strain rate of 508 
mm/min, we surmise that the PEO block of the PEP-PEO copolymer may have played a 
significant role in toughening, especially when the favorable rubber particle cavitation 
and matrix shear banding mechanisms are suppressed. The finding from DMA (Figure 
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5.2) demonstrates a greatly enhanced damping level above 0 °C due to the presence of 
PEO in the epoxy network. The modification of the epoxy network by PEO is believed 
to contribute to the significant strain rate dependence as well as toughening when 
compared with other toughened polymers.10, 164, 165 
 The unique micellar structure of the PEP-PEO amphiphilic BCP in the epoxy 
matrix originates from the interfacial curvature caused by the selective swelling of PEO 
chains in the epoxy.43 There are no chemical reactions or ionic interactions between the 
epoxy and the PEO backbone.43 Therefore, the epoxy polymerization kinetics167, 168 
should not be affected by the presence of BCP particles. However, the –OH groups 
generated through the epoxy curing reactions may interact by hydrogen bonding with the 
ether oxygen of PEO. This interaction has been confirmed by others based on the 
observed shift of associated hydroxyl band and the intensity ratio change between 
associated and free hydroxyl bands in Fourier transform infrared (FTIR) spectra.39 
Bellenger et al. have found that in epoxy-diamine systems, the higher nucleophilic 
character of the aliphatic nitrogen favors OH–N interaction, leaving fewer –OH groups 
free to form hydrogen bonds with –O– in PEO backbone.169 Because the epoxy system 
utilized in this study does not contain nucleophilic nitrogen, the hydrogen bonding is 
expected to be strong, leading to an altered localized epoxy network around the BCP 
micelles. Bates and co-workers have reported the expulsion of PEO from the epoxy 
during curing,43, 45 leading to the formation of a core-shell-like morphology, which may 
induce more complexity in identifying the effect of (partially) segregated PEO on epoxy 
network formation. 
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 The literature reports34, 39, 40, 170 on the changes in Tg and tensile properties with 
the addition of pure PEO to epoxy have been inconsistent. They generally show 
reasonable improvements in fracture toughness under various PEO loadings. This 
implies that PEO molecules can plasticize an epoxy matrix, making it more viscoelastic, 
thus more test rate dependent. 
Another interesting phenomenon worth mentioning is that the rubbery plateau 
storage moduli obtained from DMA tests decrease with the incorporation of BCP 
micelles in the epoxy (see Chapter III). This suggests that the incorporation of BCP 
reduces crosslink density of the epoxy matrix.154, 155 A drop in matrix crosslink density 
usually indicates an increase in the material intrinsic ability to undergo shear 
deformation, which can partially account for the significant toughening effect and high 
rate sensitivity. A detailed discussion of the crosslink density effect on epoxy 
toughenability has been given in Chapter IV. 
The present study shows that PEP-PEO copolymer toughening of epoxy is 
effective. However, care should be taken when BCP-toughened epoxy experiences high 
loading rates in real-life applications. Fracture toughness evaluation of BCP-toughened 
epoxy under a range of test rates is advisable for applications where high rate 
performance is of primary concern.  
 
5.4. Summary 
 The fracture and tensile behaviors of nano-sized PEP-PEO micelle-toughened 
epoxy were systematically investigated at test rates ranging from 0.51 to 508 mm/min. 
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BCP-toughened epoxy was found to exhibit an increased rate dependence compared to 
the same epoxy containing no BCP, and compared to the characteristics of CTBN-
toughened epoxy. A higher strain rate leads to a lower fracture toughness and a more 
brittle behavior in tension. Clear evidence from the DN-4PB investigation demonstrates 
significant rate dependence on the observed toughening mechanisms. An increase in test 
rate suppresses the sizes and intensities of BCP particle cavitation and matrix shear 
banding zones. This reduction in damage zone size significantly hinders the fracture 
energy dissipation process, thus leading to much lower fracture resistance. A greatly 
increased damping level attributed to the plasticization of the epoxy network by the PEO 
blocks is found in BCP-modified epoxy, which appears to be responsible for the 
observed strain rate dependence effect. Care should be taken when toughened polymers 
are to be utilized for high rate applications. 
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CHAPTER VI 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
6.1. Concluding Remarks 
6.1.1. Epoxy Toughening with Nano-Sized Block Copolymer (BCP) Micelles 
 The objective of this research is to gain a fundamental knowledge of structure-
property relationship in polymers containing nano-structures/nano-domains, and the 
focus of this dissertation is placed on the studies of nano-sized BCP micelle-toughened 
epoxies. An amphiphilic poly(ethylene-alt-propylene)-b-poly(ethylene oxide) (PEP-PEO, 
Mn = 9100 g/mol, wEO = 0.40) diblock copolymer was incorporated into a liquid 
diglycidyl ether of bisphenol-A (DGEBA) based epoxy resin as a toughening agent. The 
BCP self-assembled into well-dispersed 15 nm spherical micelle particles in the epoxy 
matrix. The nano-sized BCP particles at 5 wt% loading can significantly improve the 
fracture toughness of epoxy (by a 180% increase in KIC, critical stress intensity factor) 
without deteriorating other desirable properties, such as Young’s modulus and glass 
transition temperature (Tg). Structure-property relationship of this nano-domain 
containing epoxy has been investigated. 
 
6.1.2. Toughening Mechanisms in Epoxies Containing Nano-Sized BCP Micelles 
 The micromechanical deformation and toughening mechanisms in nano-sized 
BCP micelle-modified epoxies were investigated using the double-notch four-point-
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bending (DN-4PB) technique. It has been found that the key operative toughening 
mechanism is BCP nanoparticle cavitation-induced epoxy matrix shear banding. The 
“nano-cavitation” of the 15 nm particles is believed to be the first reported in polymer 
toughening, which is far below the lower limit predicted by any existing physical 
models. The likely causes for the observed nano-scale cavitation phenomenon may 
include the unique BCP micelle structural characteristics and a possible influence of the 
surrounding epoxy network, which is significantly modified by the epoxy-philic PEO 
block. Other mechanisms, such as crack tip blunting, may also play a role in the 
toughening. 
 
6.1.3. Crosslink Density Effect on Fracture Behavior of Epoxies Containing Nano-
Sized BCP Micelles 
 The model DGEBA-based epoxy resins containing well-dispersed 15 nm PEP-
PEO BCP micelles were prepared with variations in matrix crosslink density. The 
molecular weight between crosslinks (Mc) of the epoxies was varied via the controlled 
epoxy thermoset technology and estimated experimentally. As expected, it was found 
that the fracture toughness of BCP-modified epoxies is strongly influenced by the 
crosslink density of the epoxy matrix, with higher toughenability for lower crosslink 
density epoxies. Some major toughening mechanisms, i.e., nanoparticle cavitation and 
matrix shear banding, are evidenced to be highly restricted in tightly-crosslinked epoxy 
matrices. The nano-sized BCP particles were also found to be at least as effective as 
micro-sized CSR particles in toughening epoxies at various levels of crosslink densities. 
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6.1.4. Strain Rate Effect on Mechanical Properties of Epoxies Containing Nano-Sized 
BCP Micelles 
 Based on the dynamic mechanical analysis (DMA) results on BCP-modified 
epoxy, there existed a pronounced viscoelastic damping characteristic above room 
temperature in the modified epoxy, suggesting that its mechanical properties may be 
more strain rate dependent compared to the neat epoxy counterpart. Therefore, the 
fracture and tensile behavior of the BCP-modified epoxy were investigated at loading 
rates ranging from 0.51 to 508 mm/min. The mechanical properties of BCP-toughened 
epoxy were found to exhibit significantly higher rate dependent than the neat epoxy and 
the CTBN-toughened epoxy. As expected, a higher test rate leads to a more brittle 
behavior of the material and a lower fracture toughness value. Clear evidence from the 
DN-4PB investigation demonstrates significant rate dependence on the observed 
toughening mechanisms. An increase in the testing rate suppresses the sizes and 
intensities of BCP nanoparticle cavitation and matrix shear banding zones. This 
reduction in damage zone size significantly hinders the fracture energy dissipation 
process, thus leading to much lower fracture resistance. Plasticization of the epoxy 
network by the PEO block appears to be responsible for the observed strain rate 
dependence effect. Extreme care should be exercised when toughened polymers are to be 
used for high rate applications. 
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6.2. Recommendations and Challenges for Future Work 
 In order to have a complete understanding of the fundamental structure-property 
relationships and to fully expand the application scope of the technologies developed in 
this investigation, we believe at least several questions would be of interest to continue 
the pursuit, as presented in the following. 
 
6.2.1. Other Important Factors in Epoxy Toughening 
 This dissertation addresses some critical issues in epoxy toughening based on 
nano-sized BCP micelles, such as toughening mechanisms, matrix crosslink density 
effect, strain rate dependence, etc. However, a few other important questions remain 
unanswered. One of them is the toughening agent concentration effect. The current 
research only studies the case with 5 wt% loading. The effectiveness of higher (or lower) 
concentrations would be of interest. Another important factor is the size effect. Although 
we have shown the effectiveness of 15 nm rubber toughening, we have not compared 
that with other particle sizes. To make this size effect investigation meaningful, one of 
the prerequisites is an independent control of the particle size without affecting the 
matrix characteristics and the dispersion of the toughening agent. We have initiated the 
study on the particle shape effect but have not completed it. Other than spherical 
micelles, wormlike micelles and vesicle structures are believed to be of great interest, as 
well. Conclusive toughening mechanisms for BCP-modified epoxies with different 
disordered morphologies are still awaiting experimental investigations. 
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6.2.2. Localized Interactions at Interface/Interphase 
 The interface/interphase property is a very important factor influencing the 
overall properties of filled materials, because the modification to the host material is 
realized through the interactions at the interface between matrix and fillers. In nano-
sized BCP-modified epoxies, it is difficult to directly probe the properties of the PEO-
epoxy intermixing phase due to the lack of the information of localized interactions in a 
nanometer scale. One suggestion is to examine the secondary relaxation (β-relaxation) 
peaks in BCP-modified epoxies to investigate how the presence of BCP micelles (the 
epoxy-miscible PEO block, to be specific) affects the local motion of the epoxy chain 
segments. It is worth mentioning that Bates et al.43, 45 observed the expulsion of PEO 
from epoxy during cure, which created a core-shell like morphology (see Figure 6.1). 
That itself is an interesting phenomenon and may induce more complexity in 
indentifying the localized interactions at the PEO-epoxy interphase. 
 140
 
        (a)      (b) 
Figure 6.1. (a) Illustration of swelling-induced change in the interfacial curvature for 
PEP-PEO and epoxy blends. PEO blocks extend from the neat PEO/PEP interface as a 
“dry brush”. Epoxy selectively swells the PEO brush, creating a “wet brush” and the 
PEO/PEP interface curves to accommodate this change within the constraint of constant 
density while minimizing PEP and PEO chain distortions. (b) Illustration of PEO block 
expulsion as the epoxy matrix crosslinks and its molecular weight diverges. The system 
initially has a curved interface due to selective swelling of the PEO blocks by the epoxy. 
As the epoxy cures, the PEO blocks are expelled, transforming the “wet brush” to a “dry 
brush”, thereby reducing the interfacial curvature. (After Bates et al.43). 
 
 
 
6.2.3. Mechanics in Nanometer Scales 
 It is always difficult to address issues at nanometer scales, either from a 
molecular interaction point of view or a mechanics point of view. The localized 
interactions described in the last section are one example. Another example is the true 
onset of “nano-cavitation” phenomenon in BCP micelles. We have speculated that the 
nano-scale cavitation is originated from the expansion of the pre-existing transient 
nanovoids in a form of free volume. However, the stress states and free energy barriers 
at such a small scale are not yet understood. It is unclear whether continuum mechanics 
still applies at nanometer scales. Significant efforts, probably with the aid of molecular 
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dynamics simulations, are needed to unambiguously understand the nano-engineered 
materials. 
 
6.2.4. Applications of Nano-Toughening Technique in Other Matrices 
 In Chapter IV, the nano-BCP toughening approach has been applied in model 
DGEBA type of epoxies with variations in crosslink density, but we do not know if this 
approach also works for other matrices. It has been demonstrated that epoxy resins with 
different chemistry or formulations may lead to different morphologies and different 
properties of the final BCP-toughened epoxies. It may not be easy to predict the 
morphology in different resins due to variations in curing kinetics and network 
development. The detailed nature of the morphology evolution that leads to well-defined 
nano-structures in a certain chemical environment is still unknown. Significant efforts 
are still needed to establish guidelines for the preparation of high performance 
thermosets with superior mechanical properties. 
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